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ABSTRACT
Microelectromechanical Systems are ubiquitous in modern technology, with ap-
plications ranging from accelerometers in smartphones to ultra-high precision motion
stages used for atomically-precise positioning. With the appropriate selection of ma-
terials and device design, MEMS resonators with ultra-high quality factors can be
fabricated at minimal cost. As the sizes of such resonators decrease, however, their
mechanical, electrical, and material properties can no longer be treated as linear,
as can be done for larger-scale devices. Unfortunately, adding nonlinear effects to a
system changes its dynamics from exactly-solvable to only solvable in specific cases,
if at all. Despite (and because of) these added complications, nonlinear effects open
up an entirely new world of behaviors that can be measured or taken advantage of to
create even more advanced technologies.
In our resonators, oscillations are induced and measured using aluminum nitride
transducers. I used this mechanism for several separate highly-sensitive experiments.
In the first, I demonstrate the incredible sensitivity of these resonators by actuating
a mechanical resonant mode using only the force generated by the radiation pressure
vi
of a laser at room temperature.
In the following three experiments, which use similar mechanisms, I demonstrate
information transfer and force measurements by taking advantage of the nonlinear
behavior of the resonators. When nonlinear resonators are strongly driven, they
exhibit sum and difference frequency generation, in which a large carrier signal can
be mixed with a much smaller modulation to produce signals at sum and difference
frequencies of the two signals. These sum and difference signals are used to detect
information encoded in the modulation signal using optical radiation pressure and
acoustic pressure waves.
Finally, in my experiments, I probe the nonlinear nature of the piezoelectric ma-
terial rather than take advantage of the nonlinear resonator behavior. The relative
sizes of the linear and nonlinear portions of the piezoelectric constant can be deter-
mined because the force applied to the resonator by a transducer is independent of
the dielectric constant. This method allowed me to quantify the nonlinear constants.
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1Chapter 1
Introduction
1.1 Motivation
Knowledge and technology set humans apart from every other species. Even though
we haven’t evolved to do so, we can dive to the bottom of the ocean or exit the
atmosphere to visit extraterrestrial bodies. We can communicate across continents at
the push of a button. We can even look at the building blocks of the universe, down
to the smallest atom. These capabilities did not come to us naturally or easily: they
needed to be developed carefully and methodically using the scientific method. We
take careful, repeatable measurements and design highly-precise tools to produce the
technologies we desire.
In the last several decades, we have developed technologies that can measure in-
credibly small physical phenomena. What’s even more impressive: we put them in the
hands of billions of people with seemingly incredible ease. Handheld devices like cell
phones contain billions of transistors that are used to do calculations in microseconds.
They even contain mechanical sensors and transducers that can determine the orien-
tation of the device, detect the quietest whisper, and produce sounds loud enough to
be heard across the room.
As humans continue to use and improve these technologies, measurement sen-
sitivity and manufacturing precision become even more important. Much of the
development in millenia past was based on linear behavior—we make the approxima-
2tion that if we double the strength of a stimulus, the size of the response will also
double. Despite the success of these approximations in the past, they neglect a rich
family of behaviors that can be used to dramatically increase our present sensitivities.
While taking advantage of nonlinear behavior has been successful in for quite a few
applications, optics especially, there are many more fields that could benefit from its
use.
In this thesis, I will present methods by which extremely small mechanical stimuli
can be measured using relatively simple nonlinear microelectromechanical systems
(MEMS) devices. One of the forces that I will demonstrate the measurement of is
optical radiation pressure (RP), or the pressure applied to a surface by the absorption
and reflection of photons. First, I will demonstrate RP’s ability to directly actuate
a micromechanical resonator—that is, to show resonance behavior purely because of
the application of RP. This type of detection requires highly sensitive measurements
of the MEMS devices’ spectral behaviors.
Next, I will show that by simply forcing the resonators to exhibit nonlinear behav-
ior (a trivial task for such small devices), it is possible to take similar measurements
much more easily. To do so, I will drive the resonators using a simple sinusoidal signal
with a size as small as 2 volts, and, using a phenomenon called sum- and difference-
frequency generation, will mix the signal with the miniscule forcing produced by RP.
I will then show that this method can be used for robust data communication, all
without the need for signal amplification. For a practical application of this behavior,
I then demonstrate preliminary data in which I measure solar radiation.
For an even more sensitive measurement, I use the same phenomenon to detect
acoustic pressure waves in air. Though acoustic pressure can easily apply a larger
force than radiation pressure, it inherently requires that the resonator be placed in
a viscous medium such as air, increasing the noise level and mechanical damping of
3the resonator. However, I will show that an acoustic signal can be reliably measured
with a linear dependence on the pressure wave’s amplitude.
Finally, I will demonstrate the resonator’s ability to be used to measure its own
inherent material nonlinearities. In many cases, it is a assumed that a piezoelectric
transducer’s strain is proportional to an applied voltage. However, small deviations
from linearity lead to small forces at harmonics of the driving frequency. I use the
relative sizes of these harmonic contributions to determine the sizes of inherent non-
linearities within the piezoelectric material.
1.2 Introduction to Microdevices
1.2.1 Microfabrication Processes
Microfabrication processes have come a long way since their origins, which can be
traced back to photography. In traditional photography, a photosensitive material is
exposed to light causing a chemical or structural change in the material; the extent
of the chemical change is related to amount of incident light (the combination of
exposure time and light intensity). After exposure to light, the material is stored in
a dark location until it can undergo a development process where it is exposed to one
or more chemicals in an effort to make the chemical changes optically visible (Rogers,
2007).
Many microfabrication processes depend on a very similar phenomenon: pho-
tolithography. In fact, a practical photolithography medium (called a photoresist)
was discovered in the 1820’s, more than a decade before photography became prac-
tical. In the process invented by Nicephore Niepce, a metal plate could be coated
with Bitumen of Judea. Certain locations on the surface could then be masked using
an opaque material, and the rest of the coating could be exposed to light. The areas
of the coating that were exposed to light became soluble in certain solvents, and the
4Figure 1·1: Overview of photolithography: a substrate material is
coated with photoresist, specific areas are exposed to light, making
them easier to rinse away, then those areas are etched.
could be rinsed away. This is defined as a “negative” photoresist. The remaining
coating served to protect the metal in those areas while the exposed area was etched
in acid (Willson et al., 1997). A simplified diagram of the process is shown in Figure
1·1.
Of course, photoresists have become significantly more advanced and varied in
the last two centuries. In the Optoelectronic Processing Facility (OPF) at Boston
University alone, we have more than a dozen varieties of photoresist that are suit-
able for different purposes: from Shipley S1813 (a positive photoresist) which to
5be used as a convenient etch mask to SU-8 (a negative photoresist) which can be
used to make permanent, rigid, high-aspect ratio structures with sub-micron feature
sizes (MicroChem, 2018). Much of microfabrication today is a combination of clever
photolithography with well-chosen layers of structural, insulating, conducting, and
semiconducting materials.
Silicon has proven itself to be quite versatile in its ability to be etched isotropi-
cally or anisotropically, depending on the chosen etchant. For example, etching with
potassium hydroxide (KOH) produces features with the (111) plane of the material
exposed, making the production of features with precisely-angled boundaries simple.
It can also be manufactured with nearly vertical sidewalls, simplifying the produc-
tion of microchannels. Further, as a semiconductor, silicon can be directly used to
produce electronic components like diodes, transistors, and resistors at the surface of
the material itself (Franssila, 2010).
The previous paragraphs focus on the use of so-called top-down microfabrication.
In this type of microfabrication, we typically begin with a base substrate and system-
atically add and etch layers until we have attained our desired structure. However,
bottom-up approaches are rapidly advancing. In these approaches, materials are
systematically and creatively chosen and arranged so that structures self-assemble.
Currently, self-assembling structures can be difficult to design. However, they are
highly desirable because of their ability to produce molecule-sized structures that
could never be produced using a top-down approach.
1.2.2 MEMS Devices and Applications
Though photolithography and top-down processing have existed for nearly two cen-
turies, their use and the technologies associated with them are constantly evolving and
becoming even more advanced. These tools are used to produce the most advanced
6technologies in the world.
Microelectromechanical systems (MEMS) are used in much of technology today,
and whether they know it or not, most people use them on a daily basis. Simple
examples include the microphone and accelerometers in your cell phone. In computer
printers, the print heads use MEMS actuation to deposit microliter ink droplets.
However, MEMS are certainly not limited to such simple applications.
MEMS cantilevers are used in atomic force microscopes (AFM) to measure surface
profiles with atomic precision. Microfabricated microchannels are also used in hand-
held gas chromatography machines; these microchannels can have lengths of up to a
meter, but take up less than one square centimeter of space (Matzke et al., 1998).
Ultrasound transducers use MEMS to transmit and receive signals for diagnostic
imaging (Emadi and Buchanan, 2015). This is just a small sampling of a very rich
field.
1.2.3 MEMS Transduction Mechanisms
As the name implies, MEMS structures are extremely small. As such, they are
sensitive to incredibly small interactions. For any given application, there is at least
one (though usually more) transduction mechanism that is used or usable. Because
MEMS devices are so small, they can also be very fragile; so direct contact with a
transducer can easily cause it to break. As such quite a few transduction mechanisms
have been used for various devices.
1.2.3.1 Electrostatic
Electrostatic transduction is the simplest to understand conceptually; despite this
simplicity, it is invaluable in a myriad of devices. When a two conductive objects
that are in close proximity become charged, the electric force between them can
lead to attraction or repulsion. This attraction or repulsion can be used to apply
7precise forces to the structures, causing them to vibrate or deflect in predictable
ways. Likewise, small deflections of such structures can be easily detected as changes
in capacitance.
Though this is arguably the least high-tech transduction method available, a quick
search on Google Scholar shows that researchers and engineers publish thousands of
articles and patents about them every year. In the last year alone, papers have been
published demonstrating their abilities in producing deformable mirrors (Ma et al.,
2018; Uno et al., 2018; Dickensheets et al., 2018), particle-sensing MEMS (Siahpour
et al., 2017), and microgripping (Phelan and Furlong, 2017; Velosa-Moncada et al.,
2018).
While there are many equivalent formulations for this, the force applied on a
charged structure in an electric field can be determined by integrating over the product
of charge and electric field over the volume of the object, or
~F =
∫
V
~E dq (1.1)
where ~F is the net force experienced by an object, ~E is the spatially-dependent electric
field, dq is the differental charge of the object, and V indicates a volume integration.
As a simple case, we can look at the force experienced by a plate of a parallel
plate capacitor with vacuum between its plates. The capacitance of a parallel plate
capacitor is
C =
ε0A
d
(1.2)
where ε0 is the permittivity of free space, A is the area of one of the plates, and
d is the distance between the plates. In this case, the force can easily be deduced
by taking the derivative of the stored energy. The stored energy can be written as
U = 1
2
CV 2 where V is the potential difference between the plates. In this case the
8Figure 1·2: MEMS switch operated via electrostatic actuation (Chu
et al., 2007)
force between the plates is
F =
∂U
∂d
= −ε0AV
2
2d2
(1.3)
indicating that there is an attractive force between the plates. For complex structures,
a similar method may be used; however, depending on the complexity of the structure,
it may be necessary to determine the capacitance computationally.
One example of an electrostatically actuated MEMS switch is shown in Figure 1·2.
A low pull-in voltage is applied close the switch by pulling the curved structure to
the surface via the electrostatic force. This structure is only several hundred microns
long and was shown to operate at a frequency of 5 GHz with an insertion loss of only
0.21 dB (Chu et al., 2007).
Electrostatic detection is also a robust method for detecting small mechanical
deflections. The comb gyroscope shown in Figures 1·3(a) and (b) uses changes in
capacitance to detect angular changes. The structures in this gyroscope are only 2
microns thick and the structure itself is only a few hundred microns across. (Alper
and Akin, 2002)
1.2.3.2 Magnetic
Though slightly more complex and less widely-used than electrostatic transduction,
magnetomotive transduction also uses fundamental physics concepts as its operation
9Figure 1·3: (a) Overview of capacitive MEMS gyroscope (b) Close-up
view of comb teeth at edge of gyroscope. (Alper and Akin, 2002)
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mechanism. In this type of transduction, combinations of magnetized materials,
pickup coils, and current-carrying wires can be used to produce and detect motion.
In the case of actuation, a force can be applied to a magnetic dipole via a gradient
in the magnetic field,
~F = ∇
(
~m · ~B
)
, (1.4)
and a torque can be produced by applying a magnetic field that is not parallel the
dipole moment of a magnetic dipole,
~τ = ~m× ~B. (1.5)
In these equations, ~m is the magnetic dipole moment and ~B is the magnetic field.
A recent application of magnetically-driven MEMS was demonstrated by a group
at Massachusetts General Hospital. They produced a magnetically-driven MEMS
scaning catheter for endoscopic tomography. The catheter that they produced had a
diameter of only 2.8 mm and was just 12 mm long. As a demonstration, they were
able to produce 3D images of several anatomical features in vivo (Kim et al., 2007).
Magnetism has long been the go-to physical phenomenon for the production of
sound waves in loudspeakers and headphones. The largest loudspeakers are as large as
a few meters across (Alex-Audio, 2015); however, speakers of this size are not practical
for most people or most applications. For everyday use, devices such as hearing
aids and ear buds are much more useful. In hearing aids, magnetically actuated
loudspeakers provide sound pressure levels of about 106 dBA while using only 130 µW
of power (Je et al., 2009). For reference, according information provided by OSHA, a
SPL of 110 dB is safe for only 30 minutes without hearing protection (Occupational
Safety and Health Administration, 2011).
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1.2.3.3 Mechanical
Mechanical transduction can best be described as transduction that results from
direct interaction with the environment. Examples of mechanical transduction include
interactions with a MEMS device via vibration of the substrate or by incident acoustic
pressure waves. In the former, the vibrations can be used to actuation a device such
as an accelerometer; the latter can be used to measure or produce sound waves in
a device such as a MEMS microphone and loudspeaker described in the previous
section.
Physically, this small interaction applies a force or torque to some test mass. In
the case of a force, the test mass responds by accelerating. In general, the test mass
also experiences other forces which my resist the motion; the equation of motion can
be written according to Newton’s Second Law as
∑
~F = m~a = ~Fstimulus +
∑
i
~Fi (1.6)
where m is the mass of the test mass, ~a is the acceleration of the test mass, ~Fstimulus
is the applied force, and ~Fi are the other forces applied to the test mass. Similarly
for a torque, the equation of motion can be written as
∑
~τ = I~α = ~τstimulus +
∑
i
~τi (1.7)
where I is the moment of inertia of the test mass, ~α is its angular acceleration, ~τstimulus
is the torque applied by some stimulus, and ~τi are the other torques acting on the
test mass.
In general, these equations of motion can be used to determine the dynamics of
the test mass. Of course, measured behavior of the device is dependent on its design.
Several examples have already been described in previous sections, and more will be
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described in later sections. For instance, in the case of an accelerometer, when the
device is accelerated, a force with magnitude ma is applied to the device. This should
produce predictable vibrations or deflections within the device, which can be detected
electrostatically or piezoelectrically.
1.2.3.4 Electromagnetic Radiation
Recently, it has been shown that electromagnetic (EM) fields, specifically those in
the radio frequency (RF) range, are detectable using MEMS resonators. This occurs
because of the pseudo-antenna design of certain piezoelectric MEMS devices. Often,
such devices are designed with a large grounding plane which is parallel to smaller
driving and sensing electrodes, acting like a patch antenna.
When electromagnetic radiation is incident on such a device, the radiation can be
absorbed in much the same way as a radio antenna. The EM radiation produces a
potential difference between the ground and patch, causing small oscillations within
the resonator. These oscillations are largest when applied at a resonance frequency of
the resonator, and can be detected by measuring the potential at one of the patches.
(Mateen et al., 2016)
1.2.3.5 Optical
Though optical wavelengths of light also fall under the category of electromagnetic
waves, they are worth special treatment here. Because of the sensitivities associated
the MEMS devices, optical interactions are one route available for signal transduction.
Light has the ability to produce several mechanical effects, including direct forcing
via radiation pressure and heating via absorption.
Using the well-known force imparted by radiation pressure, much work has been
done. For example, it has been shown that RP is capable of producing forces strong
enough to switch a bistable MEMS device between its two states (Sulfridge et al.,
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Figure 1·4: Optothermally-actuated MEMS device (Han et al., 2015).
2002). In another creatively-designed experiment, a cantilever was designed to de-
flect under the incidence of white light; the success of this experiment relies on the
photoelectrowetting effect (Gaudet and Arscott, 2012). In this effect, the incidence
of light on a fluid enhances the electrowetting behavior (Arscott, 2011).
Using a half-millimeter-long, specially designed cantilever (shown in Figure 1·4),
it has also been shown that defelctions on the order of tens of microns are possible
by using the heating generated by a laser spot (Han et al., 2015). For an application
such as this, precise positioning of the laser will be of great importance.
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1.2.3.6 Thermal
Thermal actuation is not a new mechanism. In fact, bimetallic strips—strips of
material consisting of two metallic layers with different expansion coefficients—were
originally invented in 1759 to compensate for temperature effects in clocks by varying
the effective length of a spring (Ward, 1966). Since then, there have certainly been
design and materials improvements. Precisely-designed multi-metal strips have been
designed for applications in thermostats and circuit breakers.
The principle behind such devices is that, upon heating (or cooling), the different
layers within the strips will expand at different rates, causing the trips to bend.
Taking advantage of this bending behavior, these strips can be used as switches in
electrical circuits. Upon bending, they can be used to open or close a circuit. In a
thermostat, they can bend to close a switch and turn on an air conditioner or heater.
In a circuit breaker, Joule heating within the strip can cause the strip to bend and
temporarily break the circuit.
For a MEMS application, bimetallic strips have been combined with piezoelectric
transducers for energy harvesting. In one such device, the temperature difference
between skin and air is used to generate power. With a temperature difference of
only 10◦C with a 1.5-micron thick strip, 36.82 nW of power per device were generated.
While this may not seem like much power, it is worth noting that this value can be
multiplied by arraying devices (Sullivan, 2015).
In a separate transducer, the thermal actuator shown in Figure 1·5 was manufac-
tured using a 2-micron thick layer of polysilicon as the actuator. In the “chevron”
(or V-shaped) actuator, thermal expansion in the chevron arms cause the middle arm
to move in-plane. Experiments using this device show that these devices such as
these can be used to produce deflections ranging from tens of nanometers to about a
micron, depending on the medium and temperature (Barazani et al., 2015).
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Figure 1·5: Micrograph of a “chevron”-style thermal actuator.
Changes in the temperature cause the chevron arms to expand or con-
tract, causing the middle bar to move (Barazani et al., 2015).
1.2.3.7 Shape Memory Alloy
Shape memory alloys (SMAs) are materials which, after deformation, can be returned
to their original shape via an appropriate stimulus such as heating. A common
material that functions in this way is nickel titanium alloys, known as Nitinol. The
shape memory effect in Nitinol was discovered largely by accident in 1961 (Kauffman
and Mayo, 1997). In this effect, the alloy experiences a phase transition when heated;
unlike melting and vaporization, this phase transition is in the lattice structure of
the material. Specifically, a shape is stored by heating the material so that it is in
its austenite state, then while holding it in position, cooling to its twined martensite
state. After that, the material can be freely deformed. When the material is once
again heated to its austenite state, the stored shape will be recovered (Choudhary
and Kaur, 2016).
Recently, Nitinol has been shown to be useful in devices such as implantable thin-
film pumps for drug delivery. In these pumps, a thin film is manufactured above a
small hole in a silicon substrate. The film above the hole is deformed by a hot die.
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When the film is cold the film is flat. When it is heated, it is deformed. This effect
can be applied periodically to induce fluid flow and to deliver small amounts of a drug
(Schetky et al., 2003).
Though research in this field is rare, there continue to be studies for applications
of Nitinol in various MEMS applications. Recently, the quality factor of Nitinol-based
MEMS resonators has been studied. Based on this study, it has been suggested that
a beam resonator with frequency near 280 kHz can be manufactured with a quality
factor as high as 1,987,896, more than 100 times larger than an equivalent silicon-
based resonator (Bale and Koujalgi, 2017). Such resonators have yet to be produced
in practice, but this possibility is promising nonetheless.
Because of Nitinol’s relatively low transition temperature, its use is limited. On
the other hand, ternary SMAs, which include a third element in the alloy, have been
shown to overcome this effect. Possible third elements include palladium, platinum,
hafnium, gold, and copper. SMAs have been shown to be an effective material in
microgripper design, in part because of their strong gripping strengths (Choudhary
and Kaur, 2016). The images in Figure 1·6 show several of the grippers that have
been made to date.
1.2.3.8 Spin Torque
Spin torque is an exceptionally small torque that is applied to a material as a result
of a flow of angular momentum in the form of electron spin. While this effect has
mostly been used for proof-of-concept studies, it has the potential to be used as a
mechanism for quantifying the magnitudes of spin-polarized currents and spin flips.
In one of these experiments, nanomechanical devices were used to directly mea-
sure the torque applied when spins in a spin-polarized current transitions from a
ferromagnetic to a nonmagnetic material, thereby flipping the spin and producing a
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Figure 1·6: (a) Microgripper constructed from NiTi (Kohl et al.,
2000) (b) Microgripper constructed from NiTiCu (Lee et al., 1996)
steady-state torque at the transition interface (Zolfagharkhani et al., 2008). An in-
teresting improvement on this experiment would be to increase the sensitivity so that
the magnitude of the torque can be quantized, allowing for a new method to measure
the reduced Planck constant ~.This could open up new possibilities in metrology for
spintronics.
Similarly, it has been shown that it is possible detect the accumulated spin-
polarized current at the boundaries of a material via the spin Hall effect. In the
spin Hall effect, electrons of opposite spin polarization will scatter from nuclei in op-
posite directions, causing the spins of opposite polarization to accumulate at opposite
edges of the material in directions perpendicular to the charge current. By depositing
a wire on a micromechanical resonator and varying the charge current the resonator’s
resonance frequency, the torque produced by the spin current at the edges can be
detected via the vibration of the resonator (Boales et al., 2016).
1.2.3.9 Piezoelectric
I will explain the piezoelectric effect in much greater detail in the next chapter; how-
ever, because of its importance and prevalence in MEMS devices, it is worth mention-
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ing here as well. In the piezoelectric effect, when a stress is applied to piezoelectric
material, an electric field is produced within the material. This electric field can
be detected as a potential difference across the material. Conversely, in the inverse
piezoelectric effect, when an electric field is applied to a piezoelectric material, the
material strains in response (Ikeda, 1990).
Like magnetic forces, the piezoelectric effect can be used to create loudspeakers
capable of impressive SPLs with very simple designs. This year, results using a
loudspeaker with an active area of only 4 mm × 4 mm were published. This was a
square microphone with a lead zirconate titanate (PZT) piezoelectric layer. These
results show that, in a simulated ear, the speakers can produce sound pressure levels
(SPL) as high as 110 dB with harmonic distortion of less than 2% and power efficiency
of 105 dB/mW (Stoppel et al., 2018).
Piezoelectric materials aren’t limited to such simple applications either. Because
they can easily actuated by simply applying a voltage, and deflections can be detected
by just measuring voltage, the engineer’s imagination is the limit.
For instance, in an accelerometer, closely-spaced comb-like structures like those
previously mentioned are not necessary. Such closely-spaced structures can lead to
device failure because of stiction, which can be caused by combinations of friction,
van der Waals forces, and electrostatic attraction (van Spengen et al., 2002). A
piezoelectric accelerometer, on the other hand, can be manufactured using an SOI
wafer with a layer of piezoelectric material. Vibration and acceleration of the device
can be detected via the piezoelectric effect using thin-film electrodes on the surface.
The accelerometer shown in Figure 1·7 has been demonstrated to have a highly linear
sensitivity of 31.15 mV/g in the range of 1 to 15 g’s (Shen et al., 2016).
Piezoelectric devices are not limited to actuation or detection—they can do both
simultaneously! For instance, in most of the results presented in this thesis, vibrations
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Figure 1·7: Diagram of an accelerometer based on piezoelectric de-
tection (Shen et al., 2016).
are induced in a MEMS structure using the inverse piezoelectric effect; simultaneously,
the vibration of the structure is detected using the direct piezoelectric effect (Boales
et al., 2017c; Boales et al., 2017a). This is a common practice in two-port devices,
such as the contour-mode resonators developed by the Piazza group at the University
of Pennsylvania (Piazza et al., 2007).
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Chapter 2
Piezoelectric MEMS Resonators
2.1 Piezoelectric Effect
In the previous chapter, I briefly talked about the piezoelectric effect as a transduc-
tion mechanism in MEMS devices. In this section, I will discuss the phenomenology,
governing equations, and some of the materials available for piezoelectric transduc-
tion.
2.1.1 Phenomenology
When a stress is applied to a piezoelectric material, the material responds by produc-
ing an electric field. Likewise, in the inverse effect, when an electric field is applied to
a piezoelectric material, the material responds by producing a strain (i.e. elongating
or compressing). This is a behavior that occurs because of a non-centrosymmetric
crystal structure and is more common than one might expect. In fact, of the 32
possible crystal structures, 21 are non-centrosymmetric and 20 have been shown to
exhibit piezoelectricity (Kholkin et al., 2008).
Wurtzite crystals, such as aluminum nitride (AlN) and gallium nitride (GaN),
are commonly used because their relatively large piezoelectric coefficients. A two-
dimensionalized schematic diagram of the unit cell of such a crystal is shown in
Figure 2·1(a). While this is a phenomenon typically associated with three-dimensional
crystals, it is easiest to see in a two-dimensional representation. In this diagram,
the unit cell on the left is electrically neutral and unpolarized. This is intended to
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Figure 2·1: (a) Two-dimensionalized piezoelectric crystal unit demon-
strating the piezoelectric effect. The unit on the left is electrically neu-
tral. Upon stretching under an applied force, the negative ion at the
center of the triangle becomes closer to one side than the other, causing
a polarization in the unit cell.
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resemble AlN. Upon the application of a force F , the crystal stretches by an amount δ.
This deformation is uniform throughout the unit cell, causing the positively-charged
central ion to become geometrically closer to the bottom side of the triangle. This,
in turn, causes the bottom of the triangle to attain a positive charge and the top of
the triangle to attain a negative charge.
Similarly, Figure 2·1(b) illustrates the inverse effect. When an downward-pointing
electric field ~E is applied to the unit cell, the negative blue atoms are pulled upward,
and the positive red atoms are pulled downward. In this diagram, I take the atoms
at the bottom to be fixed.
2.1.2 Constitutive Relationships
The effect in the previous section can be quantified using a constant to relate the
amount of strain produced by an applied field, or equivalently, the field produced by
an applied strain. In the linear approximation, the (inverse) piezoelectric effect can
be described by constitutive piezoelectric relations (Ikeda, 1990),
Sij = s
E
ijklTkl + dkijEk (2.1)
Di = diklTkl + ε
T
ikEk. (2.2)
In these relations, S is the strain, sE describes the elasticity at constant electric field,
d is the piezoelectric constant, D is the electric displacement, T is the stress, and εT is
the electric permittivity at constant stress. Setting all components of the piezoelectric
constant to zero, we can immediately recover the stress-strain relationship and the
definition of displacement field. These equations will be used extensively throughout
this text.
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2.2 Piezoelectric Materials
A natural question that may be asked is, “How large of a signal can I expect from a
piezoelectric material?” Or, equivalently, “How much will the material deform for a
given electric field?”
Luckily, these questions have been extensively researched for a myriad of materials.
The figure-of-merit for piezoelectric materials is the so-called d33 (or sometimes d11)
coefficient, which describes the field (strain) along the crystal axis designated 3 which
produced by a stress (field) that is applied in the same direction. In other words, if
a stress σ33 is applied to the crystal, it gives the value of E3 produced as a result.
Though, it is also worth noting that cross terms in the piezoelectric coefficient tensor
may be larger than direct terms.
As I’ve mentioned already, piezoelectric materials are not rare; in fact, they can
be found in the most commonplace of items—even in your own body. Table 2.1 lists
the published piezoelectric coefficients for a variety of material types.
Lead titanate zirconate is commonly used in MEMS as a piezoelectric transduction
material. From Table 2.1, it clearly has one of the largest piezoelectric coefficients
available. However, because of the presence of lead, it has limited use in biological
sensors. Other materials like aluminum nitride may be able to compete in this realm.
AlN has been shown to be very stable in biological media, and does not readily adhere
to cells. Further, it does not damage or adversely effect neurotypic cell behavior (Berg
et al., 2017).
Because of their obvious biocompatibility, the piezoelectric behavior of biological
materials could be an interesting avenue for future measurement devices. For instance,
it may be possible to measure the stress in living bone by measuring the potential
difference between two points on the surface. Equivalently, it could even be possible to
detect the the sudden charge accumulation for an impulse load by using the radiation
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Table 2.1: List of common piezoelectric materials and their published
piezoelectric coefficients.
Material Coeff. Const. [pm/V] Source
CERAMICS & CRYSTALS
Quartz d11 2.11 to 2.28 (Besson, 1974)
Lithium niobate
d15 74.1 (Yamada et al., 1967)
d33 16.2
Lithium tantalate
d15 26.4 (Smith and Welsh, 1971)
d33 5.7
Lead Titanate Zirconate d33 180− 525 (Du et al., 1998)
SEMICONDUCTORS
Aluminum Nitride d33 (5.1± 0.1) (Lueng et al., 2000)
Gallium Nitride d33 (3.1± 0.1) (Lueng et al., 2000)
Zinc Oxide d33 12.4 (Crisler et al., 1968)
Indium Nitride d33 3.12± 0.10 (Cao et al., 2003)
BIOLOGICAL MATERIALS
Cow bone d23 0.096 to 0.271 (Aschero et al., 1999)
Dry human skin d14 0.050 to 0.100 (Rossi et al., 1986)
Silk d14 −1.5 (Yucel et al., 2011)
M13 bacteriophage 7.8 (Lee et al., 2012)
Nanoscale collagen d14 −12.00± 2.60 (Denning et al., 2017)
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emitted.
2.3 Piezoelectric MEMS Resonators
2.3.1 Layer Structure
For all of the experiments contained in this thesis, I used devices that are constructed
from the same general layer structure. From bottom layer to top layer, the materials of
the devices are typically a 5- or 10-micron silicon layer, a 200- to 300-nm molybdenum
electrode, a 1-micron aluminum nitride piezoelectric layer, and another 200- to 300-
nm electrode for driving and sensing, as shown in the illustration in Figure 2·2(a) and
the SEM micrograph in Figure 2·2(b).
Figure 2·2: (a) Illustration of device layers. (b) SEM micrograph of
device layers. From bottom to top, the layers are typically a suspended
silicon structure, a thin metal electrode for grounding, a 1-micron piezo-
electric active layer, and a thin metal electrode for sensing or driving.
The silicon layer is the structural material of the resonator. Its geometry is pri-
marily responsible for the frequencies at which the devices resonate, as well as the
quality factors of the resonances. Several of the approximately 224 available geome-
tries available to us are shown in Figures 2·3(a)-(d). The devices are typically some
type of bulky body, such as a plate or a disk, that is suspended by one or more small
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Figure 2·3: An assortment of resonator designs. In each sub-figure,
the black regions are open space. (a) is a single-port ring resonator.
(b) is a rectangular plate with 2 anchors, (c) is a rectangular plate
with 16 anchors, and (d) is an assortment of cantilevers.
fixed anchors. An exploded diagram of a rectangular plate-type resonator is shown
in Figure 2·4.
The lower electrode is used for device grounding or as an electrical potential
reference, and the top electrode is used for driving or sensing mechanical vibrations
in the resonator. In devices such as these, the lower electrode is typically made of
molybdenum because it has been shown to increase the quality factor of the resonators
(Gerfers et al., 2010); however, other materials such as aluminum, platinum, or gold
can be used to simplify fabrication, improve corrosion resistance, or to improve some
other device characteristic. On top of the grounding electrode, there is normally
a very thin layer of titanium which is used as a nucleation and adhesion layer for
the AlN, as it tends to grow in a hexagonally close-packed structure which aids in
producing a c-axis which is oriented perpendicular to the surface (Lanz and Muralt,
2005; Patterson, 1925).
Finally, the AlN layer is the active layer of the device. AlN is a wurtzite crystal
which strongly exhibits the piezoelectric (and inverse piezoelectric) effect. For best
results, the AlN layer is deposited such that the c-axis is perpendicular to the silicon
substrate. This causes the largest piezoelectric effect to occur in the direction of the
applied electric field, perpendicular to the electrodes.
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Figure 2·4: Exploded sample resonator. There are four fixed anchors,
two each on parallel sides. From bottom to top, there is a suspended
structure, grounding electrode, piezoelectric active layer, and driving
& sensing electrodes.
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Figure 2·5: Photograph of a resonator type used in these experiments
next to a penny for scale.
Feature sizes of the resonators vary between 1 and 300 microns. Including con-
nection electrodes, the part is approximately 700 by 700 microns. An image one of
these resonators is shown in Figure 2·5 next to a penny for scale.
2.3.2 Direct Driving
These resonators can be directly driven by applying an electric field to the driving
electrodes. When a field is applied, it causes the piezoelectric layer to expand or
contract, which causes the center of mass of the transducer to change. Nearly all of
the motion occurs in the z-direction (perpendicular to the silicon), so the cross terms
will be neglected in this analysis. When a potential V is applied to the top electrode,
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Figure 2·6: Free body diagram showing forces on the suspended struc-
ture and transducer layers upon expansion of the piezoelectric layer.
it creates a field Ez = V/t0, where t0 is the unstrained thickness of the AlN layer.
The stress in the layer will typically be extremely small, so we can estimate that the
strain in the z-direction is
Sz = d33
(
V0
t0
)
. (2.3)
Given this strain and estimating that the silicon is nearly stationary, the location of
the center of mass of the top two layers (relative to the bottom of the AlN layer) can
be written as
zCOM =
mAlN t0
(
1+Sz
2
)
+me
(
1 + Sz +
1
2
te
)
mAlN +me
. (2.4)
Here, mAlN and me are the AlN and electrode masses, respectively. The driv-
ing transducer drives the resonator by applying a force to the silicon structure, as
illustrated in the free body diagram (FBD) in Figure 2·6. This force is equal in mag-
nitude to the net force required for the transducer to expand (and the center of mass
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to accelerate) at some rate . From Newton’s Second Law, we can write
Fapp = −(mAlN +me)z¨COM
= −
(
1
2
mAlN +me
)
t0S¨z
= −
(
1
2
mAlN +me
)
d33V¨ . (2.5)
From these equations, several aspects of the driving become clear:
• The size of the applied force is proportional to the second derivative of the
driving potential, so DC forcing cannot be achieved in the linear approximation.
• The size of the forcing increases with the thickness of the AlN layer. This occurs
for two reasons: 1) the mass of the AlN layer increases with thickness and 2) d33
increases with thickness, until the thickness is approximately 500 to 700 nm.
The first of these observations becomes clearer when analyzing single-frequency
driving. In this case, we can rewrite V = V0 sinωt, where ω is the angular frequency
of the driving signal, so that
Fapp =
(
1
2
mAlN +me
)
d33ω
2V0 sinωt. (2.6)
In the case of DC excitation, ω = 0, so there is no applied force.
2.3.3 Vibration Detection
There are two phenomena to which the sensing electrodes are the most sensitive: 1)
the acceleration of the AlN’s center of mass and 2) deformation of the AlN. In general,
any detected signal is a combination of these two effects. The combination can be
constructive or destructive in nature depending on the specific vibration mode.
When the resonator is driven, its surface deforms slightly at the resonance fre-
quency. That causes the sensing electrodes to accelerate, and, therefore, to experience
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small amounts of stress.
If we estimate that the AlN layer is largely unstrained by these accelerations, then
we can write
Sz = s
E
zzTz + d33Ez = 0 (2.7)
Vout = EZt0 = −s
E
zzTz
d33
t0 (2.8)
Again, from Newton’s Second Law, we can write the force applied to the bottom
of the AlN as
Fout = (mAlN +me) z¨, (2.9)
where z is the motion of the silicon. Since we are estimating negligible strain the AlN
layer, z can also be interpreted as the location of sensing transducer’s COM.
In this case Tz is the force applied to the sensor per area in a cross-section of the
transducer. Averaging over the thickness of the AlN, the potential in equation (2.8)
can be rewritten as
Vout = −
(
1
2
ρAlN + ρe
)
s33
d33
z¨ (2.10)
While it is straightforward to estimate the force applied to the silicon structure by
the transducer, the signal produced by the deformation (either by bending, twisting,
etc.) cannot be written so concisely—it is a function of vibration frequency, driving
signal, and device geometry.
2.4 Resonator Response Behavior
For practical measurements, we are able to both drive and detect vibrations in our
piezoelectric MEMS resonators by using separate electrodes. For comparison to a
easily understood system, this is equivalent to having one person jumping on the
floor (driving) and another person trying to feel the floor moving a few feed away
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(detecting).
There is significant loss in such a measurement, which can normally be quantified
by damping coefficients. Though she or he may not be able to measure the actual
displacement of the floor, the person detecting the floor’s vibration can feel two things:
the floor curves and stretches when it vibrates and the surface accelerates. This is
equivalent to what the sensing electrode detects.
2.4.1 Linear Resonator Behavior
In order to further understand the behavior of the resonator, it is often simplest to
one-dimensionalize its behavior in the linear regime. Often, we can model the device
behavior as being similar to a damped harmonic oscillator,
x¨+
ω0
Q
x˙+ ω20x =
F (t)
m
, (2.11)
where x is the degree of freedom (position or curvature of a point on the surface of
the resonator, for instance), ω0 is the resonance angular frequency, Q is the quality
factor, F (t) is a time-varying applied force, and m is the effective modal mass.
The frequency response can be determined by taking the Fourier transform of this
equation to find ∣∣∣X˜(ω)∣∣∣ = |F (ω)|
m
1√
(ω20 − ω2)2 +
(
ω0ω
Q
)2 (2.12)
As mentioned, the output of a transducer may be a combination of effects from
deformation and acceleration of the transducer. For pure deformation, the trans-
ducer output is “displacement-like”, and should be proportional to |X˜(ω)|. This is
the case when the deformation of the silicon produces a signal that is much larger
than the contribution from its surface acceleration. For “acceleration-like” signals,
the resonator’s output is proportional to ω2|X˜(ω)| (i.e., the second derivative of its
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Figure 2·7: Illustration of linear combinations of displacement-like
excitations and acceleration-like excitations. a represents the relative
size of the position or displacement-like component and b represents
the relative size of the acceleration-like component.
displacement). As shown in Figure 2·7, linear combinations of these two expressions
can result in a variety of behaviors, including signal enhancement and anti-resonance
generation.
In general, the response signal can be estimated using the equation
|Vout| =
∣∣∣(aω2 + b)X˜(ω)∣∣∣ (2.13)
where a and b are coefficients describing the acceleration-like and displacement-like
contributions to the signal, respectively. They can be either positive or negative,
depending on their relative signal contributions.
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Figure 2·8: Diagram of a physical pendulum.
2.4.2 Nonlinear Resonator Behavior
Unfortunately, in real systems, linear behavior is normally an approximation. There
typically exists some range of characteristics and operational parameters for which a
system exhibits linear motion; but if one of those parameters is changed to drastically,
the system begins to exhibit nonlinear behavior.
One of the simplest examples of a highly nonlinear system is the physical pendu-
lum, illustrated in Figure 2·8. For small angles, the pendulum is free to swing back
and forth according to the equation
θ¨ = −g
l
θ (2.14)
where θ is the angle relative to vertical, g is the gravitational acceleration, and l
is the length of the string. This expression is exactly solvable—but inaccurate for
sufficiently large angles (larger than about 10 to 15◦).
As the angle of the string increases, it becomes more important to use the more
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precise equation of motion,
θ¨ = −g
l
sin θ. (2.15)
While this equation is no longer exactly solvable in general, it describes the motion
of the pendulum with much greater accuracy. The linear approximation came from
the Taylor expansion of the nonlinear part of the equation:
sin θ ≈ θ − θ
3
6
+
θ5
120
− ... (2.16)
Even by just truncating the expansion at the cubic term, interesting behavior can
begin to emerge.
In general, a nonlinear resonator of arbitrary complexity can be described using
the equation of motion
x¨ =
∞∑
m=1
amx
m +
∞∑
n=0
bnx˙
n +
∞∑
k,l=1
cklx
mx˙n + f(t). (2.17)
In this equation, the first term describes linear and nonlinear spring forces, the second
term describes linear and nonlinear viscous damping forces, the third term describes
position-dependent damping forces, and f(t) is some arbitrary time-varying applied
force (divided by the mass of the resonator). Clearly, this equation must be truncated
at some point in order to be useful. Oftentimes, it is truncated to keep only the terms
m = 1, m = 3, and n = 1. This is the so-called “Duffing” resonator. To model a real
mechanical system, this can be written as
x¨+
ω0
Q
x˙+ ω20x+
k3
m
x3 =
F
m
, (2.18)
where k3 is a nonlinear spring constant and the other variables are the same as from
Equation 2.11.
From this simple nonlinear equation, complex behavior can emerge. For instance,
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one hallmark of nonlinearity is the presence of “stiffening” and “softening” behavior.
Stiffening behavior is produced in systems where k3 > 0 and softening occurs when
k3 < 0. One simple way to identify this behavior is to measure a frequency spectrum
of the resonator. When driven with large forces (beyond some critical forcing am-
plitude), the peaks from Figure 2·7 will begin to skew to one side. For a stiffening
resonator, the peaks will skew toward higher frequencies; for softening resonators,
the peaks will skew toward lower frequencies. Conceptually, this occurs because the
effective spring constant changes when the amplitude becomes larger. If the effective
spring constant increases, the resonance frequency also increases.
Mathematically, an equation to determine the spectral response of the resonator
can be determined by using perturbation theory (Imboden et al., 2013):
x20 =
(
F
2mω20
)2
(
ω−ω0
ω0
− 3
8
k3
mω20
x20
)
+
(
1
2Q
)2 (2.19)
where x0 is the amplitude of the oscillation. Figure 2·9(a) shows spectral amplitudes
for various nonlinear spring constants k3. One obvious feature of this plot is that the
stiffening and softening resonators have three possible steady amplitudes at certain
frequencies. Experimentally, two of these are accessible (the highest and lowest am-
plitude response) and one is unstable. By varying the frequency slowly, the particular
stable amplitude can be chosen by approaching from higher or lower frequencies. For
slowly changing frequencies, the system will move to the frequency-amplitude point
nearest to the previous point. This is shown diagramatically in Figure 2·9(b). This
directional behavior—the different behavior exhibited for increasing versus decreasing
frequencies—is known as hysteresis.
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Figure 2·9: (a) Theoretical approximate frequency spectra for linear
(k3 = 0), stiffening (k3 = 0.02), and softening (k3 = −0.02) resonators.
In these plots, Q = 10, and all constants aside from k3 are 1. (b)
Sample of what measurement may look like. Dashed lines on stiffening
and softening curves are inaccessible experimentally.
2.4.3 Sources of Nonlinearity
Nonlinearity in a MEMS resonator can stem from many different sources, some of
which are well-defined and quantified, and others that may be less predictable or
more difficult to identify. For many purposes, it is simplest to treat these effects
empirically, and to group them into a single (or several) constants such as k3.
2.4.3.1 Geometric nonlinearities
Geometric nonlinearity is inherently present in every system. They are nonlinearities
that exist because of the deformation of the system. These may be present in a
number of different places in a given device.
For example, when a column is axially loaded, there is critical loading at which
the column buckles—mathematically, this means that a point on the column deflects
laterally with an amplitude that may reach infinity. Interestingly, this behavior can
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actually be calculated using linear mechanics. Another example of geometric nonlin-
earity is the effect of the object’s deformation on the boundary conditions. When a
mechanical object bends, its boundaries (the locations that we define as the “end”
of the device) are normally assumed to be rigidly defined. However, in reality, the
boundaries are made from real materials, and therefore must also deform.
In MEMS devices, I has been shown that geometrical nonlinearity can have effects
that do not exist in larger structures. In one study, it was shown that large deflections
directly impact the thermoelastic damping (i.e., the quality factor Q) (Me´ndez et al.,
2009). In addition, for bulk acoustic wave (BAW) resonators, it has been shown that
oscillation amplitudes can approach material limits (Kaajakari et al., 2004).
2.4.3.2 Multi-stability
Another possible source of nonlinearity is multi-stability. In some devices, this may
be an intentionally designed trait (such as in a switch); in others, it may be an
unintended result of a particular design.
In order for a system to be multiply-stable, there must me nonlinearity present.
In a linear system, the potential energy landscape is, at highest, a second-order poly-
nomial. This allows for only one stable point. This is because the stored energy is
the integral of all restorative forces,
U =
∫
F (x) dx. (2.20)
If all forces are constants or are linear, then the potential energy can have no higher
than a quadratic term. Therefore, in order to have a quartic term (or an higher-order
even term), there must be a nonlinear restorative force.
Such systems are simpler to design than may be apparent. The schematic in
Figure 2·10 shows a MEMS cantilever beam that takes advantage of such behavior.
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Figure 2·10: A sample MEMS device with bistability resulting from
a repulsive magnetic force (Ando` et al., 2010).
The cantilever has a permanent magnetic dipole at its tip, and is close proximity to
another permanent magnet such that two similar poles (i.e. north or south) near
each other. This results in a repulsive force, which either pushes the tip of the beam
upward or downward (Ando` et al., 2010).
MEMS devices can also be designed to be mechanically bistable. On example is
a clamped beam. Except at a very precise temperature, the clamped beam will not
be the exact size of the space it spans. When the beam is longer than the space, it
will slightly buckle. For a beam that is wider than it is tall, it will tend to buckle
upward or downward. By using some actuation force, the beam can be forced to
transition between the two points (Qiu et al., 2002). This behavior has been shown
to be useful in devices such as reprogrammable mechanical logic gates like the one
shown in Figure 2·11 (Guerra et al., 2010).
Though the devices describe intentionally-designed bistability, it should be clear
that this type of nonlinearity exist in a device unintentionally. For example, thermal
expansion coefficient mismatch and other intrinsic stresses can cause a suspended
MEMS structure to naturally bend.
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Figure 2·11: Schematic and micrograph of a noise-assisted repro-
grammable logic gate that works via mechanical bistability of the
clamped beam (Guerra et al., 2010).
2.4.3.3 Nonlinear Attractive Forces
In MEMS structures with closely-spaced components, nonlinear attraction between
surfaces can be a significant source of nonlinearity. These attractions can be due to
electrostatics, like the force between capacitor plates. In addition, especially with very
small spacings, van der Waals and Casimir forces can introduce instabilities (Batra
et al., 2008). In general, these forces lead to a phenomenon known as stiction, where
surfaces of a MEMS device stick together from a combination of attractive forces and
friction (van Spengen et al., 2002).
When two conductive objects become very close together, the Casimir force—a
quantum mechanical phenomenon—forces the objects toward each other. The mag-
nitude of this force (per area) for two perfectly parallel plates is (Casimir, 1948)
F
A
= ~c
pi2
240a4
, (2.21)
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where ~ is the reduced Planck constant, c is the speed of light, and a is the distance
between the plates. Being depending on the spacing to the fourth power, this is
clearly a highly nonlinear phenomenon. Using parallel plate electrostatic actuators,
such nonlinear behavior has been shown to be produced by the Casimir force (Lin and
Zhao, 2005). There have even been studies to predict the effect of surface roughness
on the strength of this effect in MEMS devices (Broer et al., 2015). Its nonlinear
nature also makes it useful in parametric amplification (Imboden et al., 2014).
The van der Waals force is also a strongly nonlinear force. For a sphere near a
flat surface, the attractive van der Waals force between them can be shown to have
the magnitude
F (d) = − AR
12d2
, (2.22)
where A is the Hamaker coefficient, R is the sphere radius, and d is the distance be-
tween the surfaces of the sphere and the plate (Hamaker, 1937). Despite the apparent
small scale of this force, it too has been studied for its influence on MEMS actuators
(Guo and Zhao, 2004).
2.4.3.4 Material Properties and Interactions
Despite our tendency to assume that material behaviors are linear, this is not the
case—and we experience these nonlinearities frequently. Creep and yield are two
prime examples of these phenomena. In creep, a material tends to elongate with use;
similarly in yield, when a material is stretched beyond its elastic limit, it becomes
permanently strained. In order for MEMS to operate properly, these properties must
be quantified. Creep has even been demonstrated in rigid materials such as polysilicon
(Tuck et al., 2005).
Hysteresis is also a well-known phenomenon in many engineered systems and in
many materials. As previously defined, hysteresis refers to differences in measure-
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ments when increasing versus decreasing some variable. Figure 2·9(b) illustrated
such an effect for varying frequency. In materials, hysteresis can occur because of net
magnetic dipole or electric dipole polarizations.
Piezoelectric materials are typically considered to be linear and non-hysteretic (to
a good approximation). However, ferroelectric materials like PZT differ in that they
accumulate a net, steady-state polarization. This is one of the effects that leads to
hysteresis in piezoelectric linear positioning stages (Polcawich and Pulskamp, 2011).
The method by which the films in the MEMS device are produced have been
shown to have an effect on film behaviors. For example, it has been shown that the
grain sizes and grain orientations in aluminum thin films can affect the plasticity of
the film (Spolenak et al., 2003). In fact, in piezoelectric materials, the complex grain
structure can lead to nonlinearity in itself (Albareda and Pe´rez, 2011).
43
Chapter 3
Direct Excitation of a MEMS Resonator
using Radiation Pressure
3.1 Introduction to Radiation Pressure
3.1.1 A Brief History
Radiation pressure can be traced all the way back to Johannes Kepler, who made
the observation that the tails of comets point away from the sun (Kepler, 1619).
Though he didn’t know the mechanism at the time, he suspected that the sun some-
how pushed the tail away. In fact, it wasn’t until several centuries later that James
Clerk Maxwell published his theory of electromagnetism (Maxwell, 1873), which the-
orized that electromagnetic waves carry and can transfer. About three decades later,
radiation pressure was detected by Pyotor Lebedew in 1900 (Lebedew, 1901).
According to electromagnetic theory, electromagnetic waves carry an energy per
unit area flowing in a particular direction; this can be quantified by the Poynting
vector, which can be determined using
~S =
1
µ0
(
~E × ~B
)
. (3.1)
From the Poynting vector, it can be shown that the momentum per unit area that is
being carried by an electromagnetic wave is
Prad = 〈
~S〉
c
, (3.2)
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where c is the speed of light. When this momentum density is normally incident on
a surface, it applies a pressure with magnitude
Prad =
(R + 1)〈~S〉
c
=
(R + 1)Irad
c
(3.3)
where R is the reflectivity of the surface (i.e. the fraction of the wave that is reflected
and Irad is the intensity of the radiation, which is the magnitude of the Poynting
vector.
Physically, this pressure arises as a result of the conservation of momentum. When
an electromagnetic field is absorbed by a material, it’s momentum must be conserved,
and therefore is transferred to the object. Similarly, when the field is reflected nor-
mally by a material, it transfers double its momentum.
In 1905, Einstein gave us another method from which we may understand this
pressure when he theorized the particle nature of light in the photoelectric effect
(Einstien, 1905). Classically, it should be possible to excite electrons so that they
are emitted from a material by simply increasing the intensity of the light. However,
that is not the case. It is in fact the energy of a single quantized component of that
light, called a photon, that is responsible for exciting a single electron. This leads to
several equations that can be used to describe photons.
For one, the momentum of a single photon can be written as p = ~k where k is
the wave number, or equivalently p = h/λ where λ is the wavelength of the photon.
The energy of a photon is E = pc = ~kc = hc/λ.
When a single photon is absorbed by a surface it transfers its momentum; the
momentum transfer per unit time is the force that it applies. When working with
light, we normally work in intensity. The intensity of a beam of light is
Irad =
dN
dt
E/A, (3.4)
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where N is the number of incident photons, t is time, and A is the area of the beam
of light. From this, we can find that the momentum transfer per time is
F =
dp
dt
= p
dN
dt
=
h
λ
IradA
E
=
h
λ
IradAλ
hc
=
IradA
c
.
(3.5)
From this, the pressure for a perfectly absorbed optical beam is
Prad =
F
A
=
Irad
c
. (3.6)
For a perfectly reflected beam, the pressure is twice this value. So, the radiation
pressure for a partially absorbing, partially reflecting surface is
Prad =
(R + 1)Irad
c
. (3.7)
3.1.2 Radiation Pressure
Though radiation pressure exerts very small forces compared to other forces in many
systems, it has been important (for both positive and negative reasons) in quite a few
applications. Here, I will describe several notable examples where radiation pressure
is an important consideration.
3.1.2.1 Solar Sails
One almost sci-fi-esque application of radiation pressure is the creation of solar sails.
Solar sails are very thin, light, highly-reflective materials that are intended for use in
propulsion of spacecraft. Near earth, the solar radiation intensity is approximately
1 kW/m2. If a solar sail is perfectly reflective, the sun could produce a pressure near
10 µPa. This may not seem like much, but it has been shown to be effective. In 2010,
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Figure 3·1: Sequence used for deployment of solar sail in IKAROS
(Tsuda et al., 2011).
the Japan Aerospace Exploration Agency (JAXA) launched the Interplanetary Kite-
craft Accelerated by Radiation of the Sun (IKAROS). IKAROS uses solar radiation
as its primary propulsion system. To do so, it is constructed with a 14 meter by
14 meter solar sail that is 7.5 µm thick (Shi et al., 2017). Figure 3·1 shows the
deployment sequence of the solar sail used on IKAROS.
With the success of IKAROS, NASA is also developing their own solar sail-
propelled satellite. The purpose of this satellite will be to fly to a nearby asteroid
and image the surface during a slow fly-by. As an improvement NASA intends to
include beam-based steering to accelerate and steer the satellite for a short portion
of the journey. This allows for more precise positioning of the satellite (Diedrich and
Heaton, 2017).
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3.1.2.2 LIGO and Interferometry
The Laser Interferometer Gravitational-Wave Observatory (LIGO) is easily the most
famous interferometer in the world. While there are many experiments that use in-
terferometers for applications like surface profiling or precision positioning, interfer-
ometry is the key mechanism by which LIGO operates (as its name strongly implies).
LIGO uses a pair of 4-kilometer-long L-shaped interferometers located in Liv-
ingston, Louisiana, and Hanford, Washington. Measurements are taken by measuring
extremely small changes in the length of the arms which result from the passing of a
gravitational wave. To do so, a 200-watt, 1064-nm laser beam is used. At such high
powers, the intensity of the beam is enormous and it can produce measurable effects
in such a sensitive piece of equipment.
Even with the large test mass sizes, noise resulting from radiation pressure exceeds
thermal noise. As will be discussed later, radiation pressure noise is proportional to
√
I, so this can be mitigated by reducing the laser intensity at the cost of performance
(Harry and LIGO Scientific Collaboration, 2010).
Though radiation pressure can lead to increased noise levels, it also provides a
platform for precise calibrations. In fact, LIGO uses what they call a “photon cali-
brator”. This calibrator is able to perform calibrations even in the most sensitive of
configurations (Goetz et al., 2009).
3.1.2.3 Optical Levitation & Optical Tweezers
Radiation pressure has been shown to be an essential tool in the manipulation of
microscopic objects. In 1971, Ashkin and Dziedzic demonstrated the optical levita-
tion of a 20-micron glass sphere. To do so, a 250-mW laser was aimed and focused
vertically. The gradient in the radiation pressure force creates a stable location at
which the sphere rests in free space (Ashkin and Dziedzic, 1971).
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Since then, great strides have been made in this field. Only five years ago, the
scattering-free optical levitation of a macroscopic object was achieved (Guccione et al.,
2013). The object was a 2-mm convex mirror with radius of curvature 3 cm. In this
levitation, an “optical tripod” was used.
The tripod consists of three laser beams arranged symmetrically about the mirror,
where each leg is a Fabry-Perot cavity. In this experiment, the stable region of the
mirror is quite precise: the stable region of the optical trap can be as small as 30 nm
horizontally and 1 nm vertically.
On the microscale, radiation pressure is often used in the form of optical tweezers,
which have been essential in our understanding of modern biology. In 1997, for
example, it optical tweezers were used to study the extensional properties—that is,
the spring-like properties—of DNA (Wang et al., 1997). One end of the DNA molecule
was attached to a piece of glass as a rigid base, and the other was attached to a 520-
nm-diameter bead.
3.1.2.4 Effects on Optical Equipment
When high-intensity light is used in experiments, the light exerts a force on the
optical equipment used in the measurement. One notable example is the optical
mirror. Scientific mirrors are designed to have reflectivities exceeding 99%. As such,
they experience the maximum possible radiation pressure from an incident beam.
Recently, the deformation of an optical mirror resulting from this radiation pres-
sure has been observed (Yuan et al., 2017). In this experiment, it was observed that
the mirror, which has a surface roughness of only 8 nm, deflects by as much as 2.4
microns when the pulsed laser intensity is as high as 1153.9 kW/cm2. While this is a
small effect, it is one that is worth designing for in highly-sensitive systems such as
LIGO.
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3.2 Micromechanical Resonator Driven by Radiation Pres-
sure Force
The resonators described in Chapter 2 operate via a relatively simple mechanism.
Despite (and because of) its relative simplicity, it allows for the detection of incredibly
small forces. During initial testing and validation of these devices, we detected the
actuation of a resonance for driving powers as low as -85 dBm without any sort of
amplification or advanced signal processing. This extremely low driving power is
equivalent to a peak driving potential of approximately 17.6 µV.
For one particular rectangular plate resonator with side lengths 270 µm and 96
µm, driving at one of its fundamental resonance frequencies near 3 MHz at one set
of electrodes, this is a driving force on the order of hundreds of fN.
With some additional signal preconditioning, it is possible to measure even smaller
forces. We decided that it would be best to test this sensitivity using an external
source of actuation. An excellent source that can provide highly repeatable forces is
light. When light is incident on a surface, individual photons that are absorbed by
the material transfer their momentum, and those that are reflected transfer double
their momentum. This is a well-known phenomenon known as radiation pressure.
The following section is reformatted and edited from an article that we published in
Scientific Reports (Boales et al., 2017b) and is reprinted here in sections 3.2.1 through
3.2.6.
3.2.1 Abstract
Radiation pressure exerted by light on any surface is the pressure generated by the
momentum of impinging photons. The associated force—fundamentally, a quantum
mechanical aspect of light—is usually too small to be useful, except in large-scale
problems in astronomy and astrodynamics. In atomic and molecular optics, radiation
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pressure can be used to trap (Ashkin, 1978; Raab et al., 1987) or cool (Wineland
et al., 1978; Chu et al., 1985) atoms and ions. Use of radiation pressure on larger
objects such as micromechanical resonators has been so far limited to its coupling to
an acoustic mode (Rokhsari et al., 2005; Kippenberg et al., 2005), sideband cooling
(Schliesser et al., 2006; Marquardt et al., 2007; Teufel et al., 2011; Schliesser et al.,
2008), or levitation of microscopic objects (Ashkin and Dziedzic, 1971; Ashkin and
Dziedzic, 1975). In this Letter, we demonstrate direct actuation of a radio-frequency
micromechanical plate-type resonator by the radiation pressure force generated by
a standard laser diode at room temperature. Using two independent methods, the
magnitude of the resonator’s response to forcing by radiation pressure is found to be
proportional to the intensity of the incident light.
3.2.2 Introduction
The concept of radiation pressure was first discovered by Maxwell in the nineteenth
century (Maxwell, 1873). Even earlier in 1619, Kepler had used the notion of classical
radiation pressure to explain why comet tails face away from the sun (Kepler, 1619).
On the macroscale, it has been linked to significant perturbations in satellite orbits
around earth (Levin, 1968; Burns et al., 1979; Parkinson et al., 1960) and has been
used to provide an additional thrust and stabilizing force for probes in transit to other
celestial bodies (Modi, 1995; Tsu, 1959; C. Sauer, 1976). If the intensity of light is
sufficiently large, as with a laser, then the magnitude of the force can be comparable to
or larger than other forces in the problem (Koehler, 1997), and has even been shown to
be a noise source that can be comparable to thermal noise in certain systems (Purdy
et al., 2013). Most recently, these small forces from radiation pressure have been
used for wireless optical data transfer with nonlinear micromechanical resonators via
sideband modulation (Boales et al., 2017c). Even in more highly-damped systems,
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MEMS resonators have been shown to be capable of easily detecting small acoustic
pressures (Boales et al., 2017a). Radiation pressure has, indeed, been used in previous
experiments for switching between bifurcated modes (Sulfridge et al., 2002), to induce
stochastic resonances (Monifi et al., 2016), and its effects on high-finesse cavities has
even been studied (Poot and van der Zant, 2012; Aspelmeyer et al., 2014). However,
use of radiation pressure as the only source of a mechanical force for direct actuation
of relatively large-scale objects, such as a sub-millimeter-sized mechanical resonator
is yet to be demonstrated. For the first time, we demonstrate the direct actuation of
a micromechanical resonator using only the force provided by radiation pressure.
3.2.3 Materials & Methods
Assuming that all radiation incident on a surface is either reflected or absorbed, valid
for any sufficiently thick, opaque object, the force exerted by the radiation pressure
of light can be written
Frad =
(R + 1)IradA
c
(3.8)
where R is the surface reflectivity of the object experiencing the force, Irad is the
intensity of the beam, A is the effective area of the top surface of the resonator, and
c is the speed of light. A time-varying force is produced by adding an RF signal on
top of a constant DC signal to a standard laser diode (LD) with the beam normally
incident on a micromechanical resonator such that
F (t) = FDC + F0 sinωt. (3.9)
In the linear regime, the resonator is described as a damped driven harmonic
oscillator
x¨+
ω0
Q
x˙+ ω20x =
F (t)
m
(3.10)
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where x is the effective position of the resonator, m is the mode-dependent effective
mass, ω0 is the resonant frequency, Q is the quality factor, and F (t) is the time-
varying force used to drive the resonator. The frequency response of such a system
can be obtained by Fourier transform:
|X(ω)| = F0/m√
(ω20 − ω2 +
(
ω0ω
Q
)2 . (3.11)
For small displacements, or in the linear response regime, the signal size can be written
as
|V (ω)| = Asignal√
(ω20 − ω2 +
(
ω0ω
Q
)2 . (3.12)
where Asignal represents the mode- and force-dependent size of the driving signal.
In this experiment, the light beam is produced by a standard 15-mW, 520-nm
LD which is modulated at RF and is normally incident on the resonator’s surface,
as shown in Figure 3·2(a). To produce RF modulation of the intensity, the LD is
directly coupled to a RF signal generator via a built-in bias-T network; in addition,
a DC current is provided to the LD by its driver. The direct coupling has a 50-
ohm impedance, and the amplitude of the laser’s intensity modulation is directly
proportional to the RF signal size. The resonator, shown in Figure 3·2(b), is a 96-by-
270-µm plate-type resonator, suspended by sixteen 15-by-3-µm anchors. From bottom
layer to top layer, the device is constructed from 10-µm silicon plus 1-µm silicon
dioxide structural layers, a 300-nm thick molybdenum ground electrode, a 700-nm
aluminum nitride piezoelectric layer, and 300-nm-thick interdigitated molybdenum
signal electrodes. Any mechanical strain in the piezoelectric layer produces an electric
field which causes a potential difference between the ground and signal electrodes;
this signal is amplified then measured using a spectrum analyzer. Eigenfrequency
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Figure 3·2: (a) Schematic diagram of experiment to wirelessly actuate
a MEMS resonator using radiation pressure. A DC current is provided
to the laser by its driver, and a RF signal is provided by a signal gen-
erator which is directly coupled to the LD through a bias-T network to
modulate its intensity. The beam from the LD is normally incident on a
MEMS resonator, and the signal produced by the resonator is amplified,
then measured by a spectrum analyzer. (b) A picture of the MEMS res-
onator used for this experiment. The resonator is a 96-by-270-µm plate
resonator suspended by sixteen legs. The electrodes marked “G” are
for connection to the grounding plane, and the electrodes marked “S”
are for driving the resonator or measuring its response. (c) The plot
shows the simulated response of the resonator using COMSOL, where
an isotropic loss of 0.001 is introduced to simulate damping forces. The
inset illustrates the mode that is most strongly excited by a uniform
radiation pressure.
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and frequency domain simulations were performed using COMSOL to identify modes
that are likely to be excited by radiation pressure and to estimate the resulting signal
size. The numerical results for the mode which is the most strongly excited are
shown in Figure 3·2(c). These results suggest that, with amplification, actuation by
radiation pressure should be experimentally measurable.
3.2.4 Results
Guided by the simulation results, we characterized the resonator by driving one of its
signal electrodes over a range of frequencies using a signal generator and measuring
the frequency response using a spectrum analyzer. A Lorentzian response with a
central frequency close to that obtained by simulation was identified. The responses
for three different driving powers are shown in Figure 3·3(a). The resonator was also
driven at higher powers, and the expected nonlinear behavior was observed, further
validating that this is a real mechanical mode. For this mode, we found that Q is 1980
and f0 = ω0/2pi is 3.15 MHz, close to the mode frequency obtained in the COMSOL
simulation.
This mode is an ideal candidate for the measurement of small forces for several
reasons. As previously mentioned, the measured signal is proportional to the effective
modal area and modal mass. In general, both of these values are dependent on the
number of nodes and antinodes of the representative mode. As shown in the inset
of Figure 3·2(c), the mode at 3.15 MHz is the lowest order drum-like mode of this
resonator, and therefore has the largest possible effective area for this mode type,
maximizing the force experienced as a result of the radiation pressure. In addition,
this is a mode with even symmetry, which allows all parts of the interdigitated trans-
ducers to experience positive and negative potentials at the same time, increasing
the signal measured at the spectrum analyzer. Finally, as will be discussed later, the
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Figure 3·3: (a) The resonator was driven with a signal generator
at one of its signal electrodes, and its response was measured at the
second signal electrode using a spectrum analyzer. The different line
colors represent driving powers, and, as driving power increases, so
does the response size. (b) The resonator was driven by the radiation
force of a RF-modulated laser, and its response was amplified, then
measured using a spectrum analyzer. The voltages in the key represent
the RMS signal size that was used to modulate the 50-ohm-impedance
LD. As the modulation size increases, so does the size of the resonator’s
response.
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effective force applied as a result of thermal Johnson noise increases with frequency
and decreases with Q. Since this is mode has one of the lowest frequencies available
with this resonator, and its Q value is relatively large, the signal-to-noise ratio for
this mode’s response is also large.
Next, we attempted to excite the mode by using only the RF-modulated LD signal.
The signal output by the resonator was amplified by a pre-amplifier with a gain of
36 dB before it was sent to the spectrum analyzer. The response is shown in Figure
3·3(b) for a range of modulation amplitudes. As the modulation amplitude increases,
so does the size of the resonator’s response. With amplification, a peak signal size of
almost 5 µV was measured.
To verify that it is indeed the light that produces the excitation and not some
noise-related or other phenomenon, we measured the size of the peak as a function
of lasing intensity using two independent methods. First, we measured the resonance
amplitude for a series of different modulation amplitudes, as shown in Figure 3·4(a).
This method produced a linear increase in the response size with modulation volt-
age, as expected due to the linear dependence of the force on intensity, described in
Equation 3.8.
To further demonstrate that variation in intensity and hence radiation pressure
force governs the driving of the resonator, we inserted a polarizer between the laser
and the resonator. Light from the LD (which is already polarized) is sent through a
polarizer before it reaches the resonator. As the angle of the polarizer is varied, the
light intensity incident on the resonator varies as
I = Irad cos
2 (θ − φ) , (3.13)
where Irad is the beam intensity produced by the LD, θ is the angle of the polarizer’s
transmission axis relative to some arbitrary axis, and φ is the polarization angle of
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Figure 3·4: (a) The modulation amplitude of the LD’s intensity,
which is proportional to modulation voltage provided by the signal gen-
erator, was varied to verify that the response size grows linearly with
light intensity. The estimated rms force variation applied by radiation
pressure is shown on the upper x-axis. The dashed line indicates the cal-
culated level of Johnson thermal noise. (b) To rule out the possibility
of noise being responsible for the resonant response that was observed,
the intensity dependence was also measured using a polarizer. In this
case, no electrical changes were made during the experiment, so any
changes in response are purely a result of changes in polarization angle.
The 0-degree axis was chosen arbitrarily.
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the light produced by the LD. As shown in Figure 3·4(b), the peak response of the
resonator does in fact vary as cos2 (θ − φ). Tuning the intensity in this way prevents
any changes in electrical signals and, therefore, prevents any changes in electrical noise
resulting from the experimental setup. Since the resonator’s response size varies in the
same manner as the intensity, we conclude that the intensity of the modulated light
that is incident on the resonator is directly responsible for the resonator’s response.
While a majority of our measurements were performed using the 3.15 MHz reso-
nance mode, we did several experiments using other resonance modes as well. These
experiments were intended to show that multiple modes can be used for such mea-
surements. In principle, any resonance mode should be possible to use, but those at
lower frequencies with higher Q’s and even symmetry will more easily overcome the
effects of thermal noise.
In Figure 3·5, we show the results of the same experiment, but performed using
the resonance near 8.46 MHz. This resonance has a Q of 2,020. The resonator’s fre-
quency response for several different laser modulation amplitudes are shown in Figure
3·5(a). These spectral response curves are once again Lorentzian in shape, as may
be expected. The resonator’s peak response amplitude as a function of modulation
intensity is shown in Figure 3·5(b). As with the 3.15 MHz mode, the resonator’s
response at 8.46 MHz is linearly dependent on the intensity.
In Figures 3·4(a) and 3·5(b), the radiation pressure force estimate was calculated
by using the operational parameters of the experiment as well as the specifications
provided by the equipment manufacturers. The LD is a 15-mW, 520-nm laser diode,
and is transmitted into free space using a collimator, which produces a beam with
width 1.48 mm (using the 1/e2 method). From these parameters, we calculate that
the intensity at the center of the beam, Imax, is 17.4 kW/m
2. For these calculations,
we estimate that the beam intensity is approximately constant over the surface of
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Figure 3·5: (a) Actuation of the 8.46 MHz mode of the resonator using
radiation pressure for four different laser modulation intensities. The
inset shows the modeshape, where red represents the largest relative
deflection of the resonator, and blue represents the minimum deflec-
tion. (b) The resonance amplitude resulting from radiation pressure
actuation shows a linear dependence on the laser intensity modulation
amplitude. The lower x-axis shows the laser modulation potential, and
the upper x-axis shows the estimated force imparted by radiation pres-
sure. The dashed line indicates the level of Johnson thermal noise.
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the resonator since the resonator is much smaller than the beam width and that the
effect of the beam’s divergence is negligible since the collimator is within less than 1
meter of the resonator. The surface of the resonator is almost entirely covered with
molybdenum, which has a reflectance of 0.6. Using
Frad =
(R + 1)ImaxA
c
, (3.14)
we find that, at peak intensity, the laser is able to provide 1.66 pN of force. If this
force is modulated at some frequency, then, as discussed earlier, the amplitude of the
time-varying part of the force can be half of this value, or 831 fN for a 2-volt laser
modulation voltage. The amplitude of this force is proportional to the LD modulation
voltage, and an RMS modulation of 1 volt produces an amplitude of 415 fN.
In addition, we calculated the force experienced by the transducer due to radiation
pressure to first-order. For this estimate, we assume the silicon and metal layers to be
rigid bodies so that the only strains induced by the radiation pressure are within the
AlN layer. Further, we neglect strains that are not along the c-axis of the material.
For thin film AlN, the d33 coefficient, which quantifies the electric potential produced
for a strain along the c-axis, is 5 pm/V (Martin et al., 2004), and the elastic modulus
E is 273 GPa (Moraes et al., 2016). It is trivial to show that, for a transducer with
a normally applied stress (radiation pressure, in this case), the force exerted on the
surface of a simple transducer is
F =
Aeffd33E∆V
t
, (3.15)
where t is the film thickness, and ∆V is the potential difference between the top and
bottom of the layer. The value of ∆V that is shown on Figures 3·4(a) and 3·5(b) have
been amplified and are enhanced by a factor of Q, so they are 126,720 and 129,280
times larger than the unamplified steady-state voltage, respectively. For example, a
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5-µV peak in Figure 3·4(a) corresponds to a 39.5-pV unamplified steady-state voltage,
and to an approximate force of 1.996 pN. Adjusting for mode shape by multiplying
by the ratio of average deflection and maximum deflection of the mode shape (about
43% for the 3.15 MHz mode), this reduces to 858 pN. This first-order estimate is
within a factor of 2 of the results shown in Figure 3·4(a), supporting our claim that
we are detecting the force exerted by radiation pressure.
3.2.5 Discussion
The thermal Johnson noise experienced by a mechanical resonator is the largest noise
source in this experiment, and can be estimated as (Cleland and Roukes, 2002)
〈Fn〉 =
√
4kBTMω0
Q
, (3.16)
where kB is the Boltzmann constant, T is the temperature, and M is the effective mass
of the transducer. From this expression, using the environmental conditions during
the experiment along with the resonator’s properties, we can find that the thermal
Johnson noise experienced by the transducer is 69.6 fN/
√
Hz when using the 3.15 MHz
resonance. Measurements were done using a 2 Hz measurement bandwidth, so the
approximate noise force during measurements was 98.5 fN. For the 8.46 MHz mode,
the average force due to thermal Johnson noise is about 114.1 fN/
√
Hz, corresponding
to a noise force during measurement of 161.3 fN. These noise levels are consistent with
results obtained during the experiment, as indicated by the dashed lines on Figures
3·4(a) and 3·5(b), though it is slightly overestimated for 8.46 MHz mode.
To further rule out other possible actuation sources, we performed a series of con-
trol experiments. As the DC component of the laser’s intensity varies, its temperature
similarly varies as is evident from the shifting of the resonator’s resonance peak; how-
ever, changes in the amplitude of the RF component of the laser modulation have no
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effect on the device’s temperature. Temperature changes resulting from changes in
the DC component occur on the timescale of several seconds while intensity fluctua-
tions occur on the time scale of hundreds of nanoseconds. Finally, the resonator was
strongly driven at one of its signal electrodes so that it exhibited nonlinear, hysteretic
behavior. Meanwhile it was periodically heated from below using a Peltier module at
a much lower frequency. The purpose of this control experiment was to produce side-
bands, which are equally-spaced peaks in frequency space that appear as a result of
mode mixing when a weak driving force and a much stronger driving force at different
frequencies are simultaneously applied to a nonlinear resonator (Boales et al., 2017c).
The weak driving force in this control experiment is in the form of a periodic ther-
mal gradient, which should cause minor stresses in the resonator due to the induced
temperature gradients. This is similar to the behavior that would be expected if the
resonator was being periodically heated by the laser rather than periodically pushed.
Since no sidebands occurred in the control experiment, we concluded that the effect
of periodic heating by the laser is not strong enough to actuate the resonator.
The century-old quest for detection and use of radiation pressure as a standalone
mechanical force (Nichols and Hull, 1901; Nichols and Hull, 1903) paved the way for
its ultimate use in laser cooling (Adams and Riis, 1997) of much smaller systems
such as atoms and ions. Pure mechanical excitation of a macroscopic, 8.7 × 10−10-
kg resonator by radiation pressure alone, as demonstrated here, is exciting, as it
may enable a novel approach to the study of quantum entanglement and quantum
coherence of a macroscopic optomechanical oscillator.
3.2.6 Conclusion
In conclusion, we have demonstrated direct actuation of a micromechanical resonator
using radiation pressure. By performing two independent intensity dependence mea-
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surements, we find that the resonator’s response amplitude is directly proportional
to the size of the laser’s intensity modulation. In addition to being a novel method
of excitation for MEMS and optomechanical systems, this technique can be used
in a broad range of future applications such as light-induced mechanical switching,
line-of-sight wireless communication and solar energy harvesting.
3.3 Sensor Limits & Ultimate Sensitivity
As this section has shown, the piezoelectric transducers are incredibly sensitive; how-
ever, as with any device, there are limitations.
3.3.1 Noise Analysis
3.3.1.1 Thermal Johnson Noise
One of the largest sources of noise in these experiments is thermal motion within
the piezoelectric layer. Random strains within the piezoelectric directly lead to noisy
signals at the output.
These signals can be estimated by treating the system as a damped harmonic
oscillator with equation of motion
z¨ +
ω0
Q
z˙ + ω20z =
F (t)
m
. (3.17)
The effective position of the resonator can be calculated using the magnitude of
the Fourier transform,
|Z˜(ω)| = |F (ω)/m|√
(ω2 − ω20)2 + ω
2
0ω
2
Q2
(3.18)
From this equation, we can find the average kinetic energy of the system per rad/s
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to be
〈T 〉 = 1
2
m〈z˙2〉
=
1
2
mω2|Z˜(ω)|2, (3.19)
and the energy per Hz to be
〈T 〉 = 1
4pi
mf 2|Z˜(f)|2
=
1
4pi
mf 2
|F (f)/m|2
(f 2 − f 20 )2 + f
2
0 f
2
Q2
(3.20)
The total kinetic energy of the system can then be obtained by integrating over all
frequencies and equating to the thermal energy of a single degree-of-freedom object,
〈U〉 = 1
2
kBT =
1
4pim
∞∫
0
f 2
|F |2
(f 2 − f 20 )2 + f
2
0 f
2
Q2
df (3.21)
where kB is the Boltzmann constant and T is the temperature in Kelvins.
This equation can be rewritten as
1
2
kBT =
Q
4pimf 20
∞∫
0
|F |2
Q2(f/f0 − f0/f)2 + 1 df. (3.22)
The integral can be shown to reduce to pif0|F |2/2, giving
1
2
kBT =
Q
8mf0
|F |2 (3.23)
so that the effective force spectral density applied by thermal motion is
|F | =
√
4kBTmω0
Q
. (3.24)
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3.3.1.2 Radiation Pressure Shot Noise
Radiation pressure shot noise (RPSN) is noise that arises from particle nature of
light: that is, light travels in quantized units, and variations in the number of incident
photons can lead to noise. The average number of incident photons on the surface of
the resonator per second is 〈
N˙
〉
=
IradAλ
hc
(3.25)
where Irad is the average laser intensity, A is the area of the resonator, λ is the laser’s
wavelength, h is Planck’s constant, and c is the speed of light. In a simple counting
experiment, the uncertainty in the number of measured photons is then the square
root of the average number of photons,
σN˙ =
√
IradAλ
hc
. (3.26)
The intensity of these photons is then
〈In〉 =
hcσ2
N˙
Aλ
=
√
Irad (3.27)
and the force applied by them is
〈FRPSN〉 = (R + 1)〈In〉
c
=
(R + 1)
√
Irad
c
. (3.28)
For the experiments contained in this thesis, Irad is typically on the order of 1,000
to 15,000 W/m2, leading to an error of only 0.8 to 3.1% for a single measurement.
In contrast, thermal Johnson noise is as large as 20% of the largest signal measured
during a given experiment.
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3.3.2 Considerations for Single-Photon Detection
One question that may be asked is, “Can we detect a single photon using these
sensors?” To answer this question, we can do a simple calculation, using several
assumptions:
1. The photon is normally incident to the resonator’s surface.
2. The photon reflects from the surface.
With these assumptions, we may begin by writing the momentum transferred as
∆p = 2pγ =
2h
λ
, (3.29)
where pγ is the momentum of the incident photon, h is Planck’s constant, and λ is the
photon’s wavelength. This momentum is transferred to the AlN, so the transducer’s
kinetic energy, T , may be written as
T =
∆p
2mAlN
=
2h2
mAlNλ
(3.30)
Assuming no dissipation, which is an excellent approximation in the first oscilla-
tion, the energy is converted into elastic potential energy
U =
1
2
EAδ2
t0
. (3.31)
Here, A is the transducer area, E is the elastic modulus along the c-axis, and δ is
the elastic strain. As has been previously discussed, the potential difference between
the top and bottom of the transducer may be estimated as ∆V = δ/d33. Using this
substitution and equating equations (3.30) and (3.31), we can obtain
∆V =
2h
λAd33
√
1
ρE
, (3.32)
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where ρ is the density of AlN. Interestingly, the only place that the AlN thickness is
relevant in this expression is in the value of d33.
For these devices, at room temperature, the noise floor is near 50 nV. For that
noise level and a SNR of 2, the incident photon would need to have a wavelength of
approximately 10 fm, which is a wavelength smaller than high-energy gamma rays.
However, this can be achieved by using a transducer with a smaller cross-section.
For example, a transducer with a 1 µm2 area could possibly detect hard X-rays at
room temperature, or even soft X-rays or extreme UV at low temperatures. Further
improvements could be made by using low-noise equipment. Using transducers of
that size could allow for quantized measurements of photon momenta. While the
measurement of a single photon may be difficult, it may be possible to, over a large
number of measurements, identify quantized signal levels.
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Chapter 4
Detection of Optical Radiation via
Sideband Modulation of MEMS
Resonators
4.1 Nonlinear Phenomena
4.1.1 Introduction to Nonlinear Systems
As the name implies, nonlinear systems are systems that are not linear. Physically,
this means that some attribute of the system varies in a way that is not proportional
in an input stimulus or state. I briefly described one such system in Chapter 2—the
physical pendulum.
When the angular position of a freely-swinging physical pendulum is large, the
pendulum’s motion is no longer sinusoidal. One simple way to observe this is to
measure the period of oscillation for various oscillation amplitudes. In the linear
approximation, the amplitude of oscillation is independent of oscillation amplitude.
However, as the amplitude is increased, the period also increases.
4.1.2 Types of Nonlinear Phenomena
There are many, many phenomena that occur as a result of a system’s nonlinearity.
I will briefly describe a small sample of them here.
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4.1.2.1 Second and Higher Harmonic Generation
Second and higher harmonic generation is one of the simplest nonlinearities to predict.
For single-frequency driving, a nonlinear system can be shown to respond at the
driving frequency and at integer multiples of the driving frequency. This will be
explored further in Chapter 6 as a method for material property determination.
4.1.2.2 Four-Wave Mixing
In four-wave mixing (FWM), two (three) signals at different frequencies which are
input to a system are used to generate one or two new frequencies. This phenomenon
is primarily used in nonlinear optics.
One application of FWM is in the production of a frequency comb. Frequency
combs are signals, typically laser signals, with discretely-spaced frequency contribu-
tions (i.e. frequency contributions every 5 GHz). One method of producing these is
to use several steps of FWM to produce many frequencies from few. This method is
often used in astronomy, and papers are still published on the topic. For example, last
year a FWM method was published for use in low- and medium-resolution astronomy
(Zajnulina et al., 2015). There are constant improvements to these techniques. Just
last year, it was shown that two optical frequency sources in a Brillouin cavity (with
proper pulsing and modulation) could be used produce frequency combs with very
narrow, low-noise peaks (Li et al., 2017b).
In another application, FWM is used as a method for parametric amplification.
For FWM in microfibrils, for each set of possible FWM frequencies, there are two
fibril diameters that lead to phase matching in the fundamental mode. A nonlinear
medium is used to produce a second harmonic, and to amplify signals at the third
harmonic (Khudus et al., 2016).
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4.1.2.3 Synchronization & Entrainment
When two self-oscillating nonlinear resonators (called oscillators) are lightly coupled,
their oscillations can synchronize—as long as their resonance frequencies are suffi-
ciently close together. This behavior was first observed and published by Christiaan
Huygens in 1665. While ill and recovering, he observed that two pendulum clocks
which were hanging on the same wall had synchronized oscillations in anti-phase
(Huygens, 1986). Such synchronization inherently requires nonlinearity in the sys-
tem.
Scientists and hobbyists have been creative in finding new ways to study and
produce synchronized systems. In one case presented by the Ikeguchi Laboratory,
it was shown that 100 mechanical metronomes could be synchronized by placing
them on a movable platform (Ikeguchi Laboratory, 2015). In a more nontraditional
method, it was also shown that the combustion rate of an arrangement of candles
could synchronize (Forrester, 2015).
It has been shown that such synchronization behavior can be designed so that
oscillators behave as a neural network (Kumar and Mohanty, 2017). Neural networks
may provide a new computation method by which specific patterns, images, or com-
plex dynamics can be identified much more quickly than by traditional computers. In
fact, Google even has neural networking capabilities, which it provides via a service
known as Google Cloud AI.
4.1.2.4 Sum and Difference Frequency Generation
In sum and difference frequency generation, if a nonlinear oscillatory system is simul-
taneously driven at two separate frequencies, it will respond at each of those frequency
and at every integer sum and difference of those frequencies. For example, if a system
is driven at 1 MHz and 0.1 MHz, it will respond at 1 MHz as well as at every 100
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kHz increment lower and higher than 1 MHz. This behavior is used in a variety of
applications, and will be described in detail in the following sections.
Sum frequency generation has recently been used in broadband imaging of func-
tionalized surfaces by taking advantage of their molecular vibrational mechanics. It
has been shown that using this method, three-dimensional reconstructions can be
created. This was even used to produce molecule-specific images (Zheng et al., 2016).
Nonlinearity is essential in many approaches to communication. For example, in
FM radio, a powerful carrier signal is produced and, using sum/difference frequency
generation, it is mixed with a much weaker sideband signal. The amplitude and fre-
quency of the weak signal affects the amplitude and frequency at which the sideband
occurs.
In order to interpret the signal, it is demodulated via one of several methods.
One method is the quadrature method: in this method, the detected signal is phase
shifted, multiplied by itself, then filtered to obtain the desired signal. This and other
methods are commonly used to transmit information.
4.2 Radiation Pressure-Induced Sideband Modulation
Though the resonators used in these experiments are sensitive enough to detect ra-
diation pressure even without using the added complexity of nonlinearity, nonlinear
behavior presents a convenient means by which the signal sizes can be enhanced. In
addition, the use of nonlinear mode mixing, or sum- and difference-frequency gener-
ation, allows for the detection of signals which are applied off -resonance.
In these mode-mixing experiments, we show that, by driving the resonator strongly
at one of its nonlinear resonances frequencies, we can generate a sideband signal that
is proportional to the size of the resonance driving. That means, by simply driving the
resonator with a higher amplitude at a single frequency, we can measure smaller and
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smaller forces. Our data also shows that, at room temperature, these measurements
are limited by thermal motion of the piezoelectric layer. Hence, smaller forces can be
measured by cooling the resonator below room temperature.
This section is reformatted and edited from a paper that we published in Nature
Microsystems & Nanoengineering (Boales et al., 2017c) and is reprinted in sections
4.2.1 through 4.2.7.
4.2.1 Abstract
Wireless transfer of information is the basis of modern communication. It includes
cellular, WiFi, Bluetooth and GPS systems, all of which use electromagnetic radio
waves with frequencies ranging from typically 100 MHz to a few GHz. However,
several long-standing challenges with standard radio-wave wireless transmission still
exist, including keeping secure transmission of data from potential compromise. Here,
we demonstrate wireless information transfer using a line-of-sight optical architecture
with a micromechanical element. In this fundamentally new approach, a laser beam
encoded with information impinges on a nonlinear micromechanical resonator located
a distance from the laser. The force generated by the radiation pressure of the laser
light on the nonlinear micromechanical resonator produces a sideband modulation
signal, which carries the precise information encoded in the subtle changes in the
radiation pressure. Using this, we demonstrate data and image transfer with one
hundred percent fidelity with a single 96 micron by 270 micron silicon resonator
element in an optical frequency band. This mechanical approach relies only on the
momentum of the incident photons and is therefore able to use any portion of the
optical frequency banda band that is 10,000 times wider than the radio frequency
band. Our line-of-sight architecture using highly scalable micromechanical resonators
offers new possibilities in wireless communication. Due to their small size, these
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resonators can be easily arrayed while maintaining a small form factor to provide
redundancy and parallelism.
4.2.2 Introduction
Micro- and Nano-Electro-Mechanical Systems (MEMS and NEMS) resonators are of
fundamental and technological interest, with applications ranging from timing in in-
tegrated circuits (Nguyen, 2005) to methods in quantum metrology (Boales et al.,
2016; Mancini et al., 2003), while operating in their linear regimes. At high drive am-
plitudes, these resonators exhibit nonlinear behavior, useful for studying fundamental
effects such as stochastic resonance (Badzey and Mohanty, 2005), parametric ampli-
fication and frequency entrainment (Shim et al., 2007), and logic operation (Guerra
et al., 2010). The nonlinearly-driven resonator can be further modulated with a sig-
nal at a separate modulation frequency. In the frequency domain, the response of
the nonlinear resonator to the modulation appears as a sideband to the original res-
onator frequency that carries all the information encoded into the modulation signal.
By decoding the sideband signal, the original signal can be retrieved.
Radiation pressure has been used in many applications including cooling micromir-
rors (Gigan et al., 2006; Arcizet et al., 2006), affecting optomechanical dynamics in
cavities (Carmon et al., 2005; Kippenberg and Vahala, 2008), and has been observed
as a form of shot noise (Purdy et al., 2013). Existing devices and previous exper-
iments have used optical radiation to perform line-of-sight communication (Chan,
2000), typically using photodiodes (Brandl et al., 2014; Peyronel et al., 2016), as the
receiver. While these devices can be small and have the ability to communicate at a
high bit rate, they can be highly wavelength dependent (Huang et al., 2006; Carey
et al., 2005), and saturated by the presence of ambient light.
Several long-standing challenges with standard radio-wave wireless transmission
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still exist, including limited spectrum (Kobb, 1995); the last-mile problem (Cordeiro
et al., 2003) or infrastructure difficulty in the final leg of communication in the net-
work to deliver services to end users; lack of indoor positioning system for accurate
location determination (Vasisht et al., 2016); and keeping secure transmission of data
from potential compromise. Here, inspired by the first-ever wireless transmission by
Alexander Graham Bell (Bell, 1880) in 1880, we demonstrate that the force gener-
ated by the radiation pressure of an optical beam (Maxwell, 1873) can be used as
the modulation force added to the driven nonlinear resonator. Because our sideband
modulation technique requires a non-zero modulation frequency, it is not affected by
ambient conditions such as continuous solar radiation. The mechanical nature of this
method has the added benefit that it is dependent on the intensity of the carrier and
not its wavelength.
4.2.3 Materials & Methods
As the intensity of the laser light modulates according to an encoded signal at a
frequency fm, the force adding to the nonlinear resonator being driven at a fixed
resonator frequency fr generates the side band. The resonator can be described as a
driven nonlinear oscillator with equation of motion (Imboden and Mohanty, 2014).
mx¨+ γx˙+ kx+ k3x
3 = Ar cos (2pifrt) + AmS(fmt), (4.1)
Here, S(fmt) represents the signal being transmitted by the laser, x is the degree of
freedom, m is the effective modal mass, γ is the damping coefficient, k is the effective
modal stiffness, k3 is the cubic nonlinear spring constant, Ar is the drive amplitude,
and Am is the laser drive coefficient. The laser drive coefficient is proportional to
the force exerted by radiation pressure, Frad = (R + 1)IlaserA/c, where R is the
surface reflectance, Ilaser is the beam intensity, A is the resonator’s effective mode
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area, and c is the speed of light. The steady-state response was numerically shown
to approximately obey the relation
x(t) ≈ cr cos(2pifrt) + cm cos(2pifmt)
+
∑
n
c3(n) cos (2pi(fr ± nfm)t) (4.2)
where n is an integer. The constants cr, cm, and c3(n) represent the sizes of the
frequency responses. To verify Equation (2), we numerically solved Equation (1) and
performed a fast Fourier transform on the results to obtain the frequency spectrum.
Results are in the Section 4.2.7.
A schematic diagram of our setup is shown in Figure 4·1(a). A green laser diode
that is normally incident on the driven resonator provides the additional small signal
using a pulse train with a modulation frequency between 1 and 5 kHz. The laser
is modulated in amplitude and frequency using a waveform generator which was
connected to the modulation port of the laser’s driver. Several different waveforms,
including sine waves and pulse trains, were tested, and all produced similar results.
The MEMS resonator, shown in Figure 4·1(b), is a 96-by-270-µm rectangular plate
resonator that is suspended by sixteen 15-by-3-µm legs. From bottom to top layer, it is
constructed from 5-µm-thick silicon and 1-µm thick silicon dioxide structural layers, a
300-nm thick molybdenum layer used for grounding, a 1-µm thick aluminum nitride
(AlN) piezoelectric layer for signal transduction, and 300-nm thick interdigitated
molybdenum electrodes for actuation and detection. Direct actuation and detection
can be performed via a direct electrical connection to the marked electrodes in Figure
4·1(b). The other four electrodes, marked “G”, are used as ground references. The
resonators are directly actuated via the inverse piezoelectric effect, and the response
is measured using the direct piezoelectric effect. Applying a voltage to one of the
transduction electrodes at some frequency causes a time-varying stress within the
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resonator. Likewise, stresses produce electric fields within the AlN which can be
detected at the other transduction electrode. The device is symmetric, so either
signal electrode can be used for either purpose.
4.2.4 Results
To characterize the resonator, the spectrum was measured (with the laser turned off)
by sweeping the signal generator in the frequency range 120 to 121 MHz for a range of
powers. The response of the resonator is measured using a swept spectrum analyzer.
A subset of these measurements is shown in Figure 4·1(c). Using COMSOL, we
numerically identified the mode to be a high-order Lamb wave mode with its largest
deflections at the locations of each of the electrode pads (details in Section 4.2.7).
At low powers, the resonator has a linear, Lorentzian frequency response. With
increasing power, the response becomes pronouncedly nonlinear, which is evident
from the skewing of the resonance peak and the onset of hysteretic behavior. This
resonator’s most sensitive resonance is at 120.4 MHz and has a quality factor of
485. For the remainder of the experiment, we directly drive the resonator at this
frequency using a power of 19 dBm, providing a 10-µN effective force as estimated
using a first-order calculation and verified numerically.
Next, the laser diode, with wavelength 520 nm, was turned on. Using the optical
beam and resonator properties, we estimate the radiation force to be near 0.72 pN,
orders of magnitude smaller than the resonator’s driving signal (calculation details are
in the Section 4.2.7). With the laser modulation added, the presence of equally-spaced
sidebands was observed, as shown in Figure 4·2(a). The first order upper-sideband,
located at frequency fr + fm, was then characterized by driving the resonator in
the range 120 to 121 MHz and measuring the sideband amplitude. The laser was
modulated with a 50%-duty-cycle pulse train at frequency 3 kHz. Figure 4·2(b)
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Figure 4·1: (a) Schematic diagram of experimental setup used for
data transfer. A 520-nm laser diode (LD) is modulated by a pulse
train produced by an waveform generator and transmitted to the LD
driver. The LD’s beam is normally incident on a MEMS resonator,
which is in a vacuum chamber at a pressure near 10−3 Torr. An exci-
tation voltage is sent to the resonator using a signal generator and the
response of the resonator is measured using a spectrum analyzer. The
specific equipment used is listed in Section 4.2.7. (b) Top view of the
MEMS resonator. The resonator is 96 µm × 270 µm and suspended
using sixteen 3 µm × 15 µm legs. From bottom to top, the resonator
is constructed from 10-µm silicon, 1-µm silicon dioxide, 200-nm molyb-
denum, 1-µm aluminum nitride, and 200-nm molybdenum. The silicon
and silicon dioxide layers are the primary structure, the molybdenum
layers are ground and actuation electrodes, and the aluminum nitride
layer is used for signal transduction. The electrodes marked “G” are
used for grounding. (c) Frequency response of MEMS resonator for
10-, 15-, and 19-dBm excitations. The low-power excitations produce
Lorentzian responses, while the high-power spectra skew toward lower
frequencies and show hysteretic behavior.
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Figure 4·2: (a) The top plot shows the spectrum of the resonator
when driven at a single frequency by the signal generator, but no laser
is incident. The bottom plot shows the spectrum of the same resonator
when driven by the signal generator and a 1 kHz-modulated laser is also
incident on the resonator. With the laser incident, equally spaced side-
bands appear symmetrically about the resonator’s driving frequency.
The additional peaks near the central frequency in both plots are a re-
sult of sidebands produced by 60 Hz interference and by other nearby
systems operating at low vibrational or electronic frequencies. (b) The
shaded blue region of this plot shows the size of the upper sideband
as a function of resonator excitation frequency for a laser modulation
frequency of 3 kHz. The dashed purple line shows the same 19-dBm
downsweep frequency response as in Figure 4·1(c).
shows the size of the sideband and the downsweep response of the resonator when
driven at 19 dBm. As expected, the sideband amplitude is related to the size of the
resonator’s peak response with the largest sideband amplitude appearing when the
driving frequency is near the peak response frequency of the resonator. Further device
characterizations are in Section 4.2.7.
Using these sidebands, wireless data transmission can be achieved using several
different methods. First, we transmitted using Amplitude Modulation (AM) at a
single modulation frequency using a 50%-duty-cycle pulse train. To transmit a “1”,
the pulse train has a large amplitude; to transmit a “0”, it has a smaller or zero
amplitude. Figure 4·3(a) shows a portion of the AM transmission of the string “Hello
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world”. The purple line represents the logic levels that were transmitted, and the blue
line indicates the amplitude of the measured sideband. Both data sets are normalized
such that the minimum measurement is 0 and the maximum is 1. In this case, the
“1’s” are transmitted using a 119.6 mA peak current to the laser diode and the “0’s”
are transmitted by providing no current.
After “Hello world!” was successfully transmitted several times, we transmitted a
larger file – a 100-by-100 pixel monochrome version of the iconic image of Einstein
shown in the top panel of Figure 4·3(b). White pixels were represented by “1’s” and
transmitted using a 140-mA pulse train; black pixels were represented by “0’s” and
transmitted using a 59.6-mA pulse train. The results of this transmission, which
contained 155 errors, are shown in Figure 4·3(b). We performed a statistical anal-
ysis of the data received and found that the amplitudes of “0” and “1” data points
obey Gaussian distributions with standard deviations 0.12 and 0.087, respectively, as
illustrated in Figure 4·3(c). From these distributions, we obtain an average Bit Error
Rate (BER) of 1 error per 86.9 bits.
An alternate method of transmitting data used was Frequency Modulation (FM).
We again used a 50%-duty-cycle pulse train that varied between a maximum current
of 140 mA and a minimum current of 0 mA; however, in this case, the pulse train
was not turned off at any point during transmission. Instead, data was transmitted
by making minor adjustments to the frequency of the pulses in order to change the
frequency at which the sideband occurs. By assigning each side band frequency a
“value”, non-binary digital data was transmitted.
In Figure 4·4(a) we present a hexadecimal data transmission. For the data shown,
laser modulation of 1 kHz (f0) represents a “0” and successive digits are spaced
in 50 Hz (∆f) increments. A “-1” (for our parameters, laser modulation at 950
Hz) was transmitted between digits to aid in processing the received data. The
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Figure 4·3: (a) A selection of binary data that was transferred using
an amplitude-modulated laser signal. The shaded purple region shows
the transmitted data, the blue line shows the normalized sideband size
(received data), and the dashed orange line shows the threshold between
a 0 and 1 logic level. Each transmitted bit is separated by a “0”.
Signals are normalized such that the minimum possible signal is 0 and
the maximum possible signal is 1. The sideband is measured by the
spectrum analyzer using an 18 Hz bandwidth, and is recorded using
SCPI commands to locate and record the peak. (b) The image of
Einstein in the “Sent” box was transmitted to the MEMS resonator
using the amplitude-modulated laser. The image in the “Received” box
represents the data that was received using the resonator. Each image
is constructed from 10,000 pixels. Of the 10,000 pixels transmitted, 155
were misinterpreted. (c) The bars show the distribution of normalized
signal sizes that were actually received during the AM transmission
of the Einstein image. Purple bars are signal sizes measured when a
“0” was transmitted, and blue bars were measured when a “1” was
transmitted. The dashed lines are normalized Gaussian distributions
based on the received data. The poor fit of the “0” Gaussian is a
result of the large number of errors that resulted in reading of a “0”
transmission as a “1”.
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largest frequency measured between two “-1’s” was stored, and the function digit =
(fstored − f0)/∆f was rounded to the nearest integer to decode the signal. Figure
4·4(b) shows the result of a transmission of the same image of Einstein as before
which, unlike our AM transmission, contains no errors. For this transmission, groups
of four bits were encoded into a single hexadecimal digit.
Next, we transmitted a series of random hexadecimal digits to estimate the BER.
As shown in Figure 4·4(c), the distributions of sideband frequencies for each hex-
adecimal digit approximately obeyed Gaussian distributions with standard deviations
averaging 5.6 Hz. For FM transmission, we estimate an average BER of 1 error per
56,320 data packets.
4.2.5 Discussion
While the specific equipment used in our proof-of-concept demonstration is not suit-
able for practical applications, alternate arrangements including a combination of
more powerful lasers, use optics designed to focus beam at resonator location, and
arraying resonators may be effective in producing higher signal-to-noise ratios and
bitrates. In addition, our demonstration was not designed for high speed applica-
tions, as its speed was severely limited by the speed of the spectrum analyzer. In
principle, this method can be used for much higher bitrates than demonstrated here
by using high-frequency, low-Q resonators. Reducing Q also has the benefit of in-
creasing the usable bandwidth, but reduces the signal size, so the resonator must be
carefully designed for its specific application. Some nanomechanical resonators have
been shown to have frequencies on the order of 10 GHz (Rinaldi et al., 2009), so the
maximum feasible bitrate, which is limited to approximately f0/Q in an open-loop
configuration, can be hundreds of MHz to several GHz. Of course, the modulation
frequency must be larger than the bitrate in order to consistently produce measurable
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Figure 4·4: (a) This plot shows a selection of hexadecimal data that
was transferred using a frequency-modulated laser signal. A continuous
signal with time-varying frequency was used to transmit this data. The
shaded purple region shows the transmitted data, the blue line shows
the interpreted hexadecimal digit as calculated using (fsideband−f0)/∆f
without rounding, and the dashed orange lines show the thresholds be-
tween hexadecimal values. Transmitted digits are separated by a “-1”
signals. The measurement bandwidth is 12 Hz for all FM data trans-
mission results presented. (b) The image of Einstein in the “Sent” box
was transmitted to the MEMS resonator using the frequency-modulated
laser. The image in the “Received” box represents the data that was re-
ceived using the resonator. Each image is constructed from 10,000 pix-
els. (c) The blue bars show the distribution of normalized signal sizes
that were actually received during a randomized data transmission.
The purple lines show the normalized Gaussian distributions based on
the received data.
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sidebands.
There are additional practical limitations to this method, but many can be eas-
ily addressed. For one, distance, beam intensity, resonator angle relative to beam,
and other factors can cause fluctuations in the intensity of the sideband which can
corrupt data transmitted via amplitude modulation. We experienced this behavior
during our experiment as well; sideband amplitudes fluctuate somewhat randomly,
but their frequencies are highly predictable. For this reason and because of the much
more favorable BER, transmission should be performed using FM. Optimal sideband
frequencies should also be determined prior to implementation; low frequencies are
susceptible to noise from sources such as ambient vibration and electrical signals.
Sideband frequencies should also be chosen to avoid noise from known sources of
mechanical vibrations.
In addition to successful demonstration of wireless data transmission, we per-
formed control experiments to verify that the sideband response and its dependence
on the modulation signal is indeed due to the modulation in the radiation pressure
exerted on the resonator. To this end, blocking the resonator from the laser light pro-
duced no sideband signal. Further, we found that the sideband size is proportional
to the optical power of the laser as predicted for excitation by radiation pressure. To
verify that the resonator was not being actuated by photothermal effects (Lammerink
et al., 1991; Evans et al., 2014), temperature change due to radiation was monitored
using the shift in the resonance frequency. As discussed in Section 4.2.7, though
the resonance frequency of the resonator shifts with heating, it does not produce a
sideband even when heating is modulated in a similar manner as the laser. While
the resonance frequency changes with temperature, the frequency of the sideband
is related to the carrier frequency, which is externally generated and not a function
of temperature. The main effect of temperature changes is that the shifting of the
84
resonance can affect the amplitude of the sideband. Since the sideband amplitude is
related to the resonator’s response at the carrier frequency, a feedback loop should
be implemented in practice to adjust the resonator driving frequency with a mea-
sured temperature. To further verify that the sideband is generated due to nonlinear
mixing, the resonator was driven in the linear regime, which produced no sideband,
reconfirming Figure 4·2.
4.2.6 Conclusion
In conclusion, we demonstrated successful wireless transmission of data using the force
produced by a phenomenon as weak as radiation pressure. Depending on the modu-
lation, this method can be used to transmit digital or analog information. Applying
techniques in signal demodulation and arraying resonators to increase the signal size
and fidelity, our methods can be adapted for use in technologies ranging from signal
transduction in fiber optic communications systems to virtually undetectable free-
space communications with satellites, as can be done with similar techologies (Kobb,
1995; Cordeiro et al., 2003; Vasisht et al., 2016). Our method has the added advan-
tage being a purely mechanical effect and hence is not strongly wavelength-dependent
as photodiodes are known to be.
4.2.7 Supplementary Information: Optical Wireless Information Transfer
with Nonlinear Micromechanical Resonators
4.2.7.1 Temperature-dependent Characterization of Resonator
Since temperature can have an impact on the measurements taken in this experiment,
we characterized the resonance peak of interest as temperature varies, as shown in
Figure 4·5. As the temperature increases, the resonator “softens” and the frequency
of the resonance peak decreases at an approximate rate of 16.4 ppm/◦C. This mea-
surement was done by heating or cooling the resonator using a Peltier module and
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Figure 4·5: Frequency shift of 120.4 MHz resonance peak as a func-
tion of temperature. The shift is measured in parts per million of the
frequency at 25◦C.
measuring the temperature using a thermistor.
After characterizing the location of the resonance peak as a function of temper-
ature, we quantified how much the resonator’s temperature increases during each
experiment, as shown in Figure 4·6. The “average laser diode current” refers to the
time average of the current. This measurement was done using a 50%-duty-cycle pulse
train, so, for example, a 40 mA average current corresponds to a pulse train that peaks
at 80 mA. After setting the laser diode current at each level, we waited for a period
of at least 5 minutes to ensure that the resonator temperature had reached a steady
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state. For low laser currents (less than 20 mA), there is no apparent heating in the
resonator. Beyond that, the resonator temperature increases approximately linearly
with laser current. Based on these measurements, the temperature of the resonator
was approximately 1.6 ◦C above ambient temperature for the results presented in
Section 4.2.2.
4.2.7.2 Further Characterization of First Order Upper Sideband
In addition to the sideband characterizations presented in Section 4.2.2 of this thesis,
we performed measurements presented below. In order to successfully transmit data,
it is useful to produce the largest sideband amplitude possible, but to avoid noisy
regions in the frequency spectrum as much as possible. To assist in choosing a laser
modulation frequency, the results in Figure 4·7 were used.
These results show how the sideband size varies with the laser modulation fre-
quency. As the modulation frequency increases, the sideband size decreases approx-
imately exponentially. Evidently, a small modulation frequency should be most ef-
fective. However, as approaches the frequency of the carrier signal, the size of the
noise increases rapidly, and can hide the sideband at random times. We found that
the noise signal was small enough that we could consistently measure the sideband
successfully when the modulation frequency was larger than 1 kHz.
In addition, we verified that that the sideband size increases with the size of the
modulation signal (Figure 4·8) as well as with the size of the carrier signal (Figure
4·9). From these results, it can be seen that the sideband is not measureable until
the average laser diode current is at least 30 mA. While the results shown are only
for an oscillator power of 0 dBm, this threshold was consistent for other powers as
well. Based on these plots, it is obvious that the largest sideband can is obtained by
maximizing the LD current and the oscillator driving power.
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Figure 4·6: Shift of the 120.4 MHz resonance peak as the laser diode
current (power) is increased. As the current increases, the steady state
frequency is decreased, indicating heating. Beyond 20 mA, the reso-
nance peak shifts at an approximate rate of -0.6 ppm/mA, indicating
a steady-state temperature increase of 0.04 ◦C/mA.
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Figure 4·7: Upper sideband size as a function of laser modulation
frequency for 19 dBm oscillator driving and 70 mA average LD current.
As the frequency increases, the sideband size exponentially decreases.
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Figure 4·8: Sideband size as function of laser diode current for 0
dBm oscillator driving. Near 30 mA, the LD power is high enough to
begin producing measureable sidebands. After that the sideband size
increases linearly with LD current.
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Figure 4·9: Sideband size as function of oscillator driving power. As
the power to the oscillator is increased and its response becomes in-
creasingly nonlinear, the sideband grows.
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Figure 4·10: Numerically-identified modeshape used in wireless data
transfer experiments. Color scale is arbitrary, and length scale is in
microns.
4.2.7.3 Effective Modal Mass and Modal Stiffness
Using COMSOL, the mode shown in Figure 4·10 was found to be the modeshape of
the resonance used in our experiments.
Using that modeshape, the effective mass was calculated using
meff =
∫
ρU2 dV (4.3)
where meff is the effective mass, ρ is the material density, and U is the modeshape,
normalized such taht the maximum displacement is 1. The effective mass was found
to be 24.5 ng. The effective modal stiffness can then be found using
keff = meffω
2
0 = 14.3 MN/m (4.4)
where keff is the effective stiffness and ω0 is the angular resonance frequency.
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4.2.7.4 Effective Force Produced by Electrodes
As is described elsewhere in this thesis, to first order, the suspended structure is
assumed to be stationary. Using basic analysis of the AlN layer, we calculate that
the location of the center of mass (COM), relative to the grounding electrode, moves
according to
zCOM =
t0
2
+
d33V0
2
sin (2pift) (4.5)
where t0 is the unstrained AlN thickness, d33 is the piezoelectric coefficient, V0 is the
potential difference across the piezoelectric, f is the driving frequency, and t is time.
Using this, the amplitude of the force applied to the AlN by the substrate is
Feff = mz¨COM,max = 2pi
2md33V0f
2 (4.6)
where m is the mass of the material expanding and contracting due to the applied
potential. For our resonator, this comes to approximately 342 µN. Normalizing this
by the mode shape gives us an effective force of 10.6 µN.
4.2.7.5 Estimation of Force Produced by Radiation Pressure
The radiation pressure produced by an electromagnetic wave can be written as
Prad =
(R + 1)Irad
c
(4.7)
where R is the reflectance of the material on which the radiation is incident, Irad
is the intensity of the wave, and c is the speed of light. Equation 4.7 assumes that
all incident radiation is either absorbed or reflected from the surface, and that none
is transmitted through the resonator. The top surface of our MEMS resonator is
primarily covered with molybdenum, which as a reflectivity near 60% at wavelength
520 nm.
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The specific laser diode that we used in this experiment has an output of 15.0
mW when the current is 141.6 mA. The beam passes through a collimator, which
produces a spot with diameter, 2w, of 1.48 mm (using the 1/e2 method) and which
diverges at 0.029 degrees. At the surface of the resonator which is about 30 cm from
the collimator, the spot size is 1.78 mm.
The beam is estimated to have a Gaussian profile, so 86.47% of the optical power
is deposited within the 1.78-mm spot. It is difficult to verify that oscillator is precisely
in the center of the spot, so we average the power over the spot size (so as to not
overestimate the force) to find an average intensity of 5,190 W/m2. Inserting this
into Equation 4.7, and multiplying it by the 270-by-96 micron top surface area of
the resonator, we find an approximate radiation force of 0.718 pN. Note that the
area used in calculating the modeshape should be normalized by the mode shape.
However, since we use the average laser intensity instead of the maximum, we assert
that these errors approximately cancel. Further, this number is used as an order-of-
magnitude estimate for comparison purposes only; the exact size of the force is not
critical to the results presented in Section 4.2.2.
4.2.7.6 Duffing Equation Fast Fourier Transform
To numerically verify that upper and lower sidebands can be produced by driving
the duffing resonator with a large signal at resonance and a small non-resonant fre-
quency to produce a sideband, we performed numerical simulations using Wolfram
Mathematica. The first-order lower and upper sidebands are in Figure 4·11. Simula-
tions were performed using a resonance frequency normalized to 1, a Q of 1000, and
softening k3 value of -1. The resonant signal is 10 times larger than the non-resonant
signal.
The code used to generate the data used to plot Figure 4·11 is below.
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Figure 4·11: Frequency spectrum numerically generated using a Duff-
ing resonator driven at resonance and at a smaller modulation fre-
quency. The amplitude is on a logarithmic scale so the sidebands can
be seen in the same plot as the resonance.
ClearAll["Global‘*"]
Fs=200; (* Sampling Rate in Hz *)
T=10000; (* Sampling period in s *)
L = T*Fs; (* Number of points in signal table*)
stepSize=0.001;
Q=1000;
f0 = 1;
f1 = f0;
f2 = 0.02;
w0 = 2 pi f0;
w1 = 2 pi f1;
w2 = 2 pi f2;
NDSolve[{x’’[t]+ w02 x[t]+w0/Q x’[t]-x[t]^3==10 Cos[w1 t + pi]
+(1+SquareWave[f2 t])/2,x[0]==0,x’[0]==0},x[t],
{t,0,T},MaxStepSize->stepSize];
f[t_]:=Evaluate[x[t]/.%]
times = Table[N[n/Fs],{n,L}];
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data=Table[First[f[n/Fs]],{n,L}];
newData = Table[{Part[times,n],Part[data,n]},{n,L}];
ListLinePlot[newData,PlotRange->All]
response=Abs[Fourier[data]];
freqs=Table[N[n Fs/L],{n,L/2}];
freqResponse=Table[{Part[freqs,n],(Part[response,n]
+Part[response,L+1-n])},{n,L/2}];
4.2.7.7 List of Equipment Used
Equipment Description Model
Laser Diode ThorLabs LP520-SF
Laser Diode Driver ThorLabs CLD1010LP
Signal Generator Rohde & Schwarz SMY01
Waveform Generator Agilent 33220A
Spectrum Analyzer Agilent N9000A
4.3 Detection of Solar Radiation Pressure
In the previous section, I presented results from an experiment in which I attempted
to detect radiation pressure from laser illumination. While there are many uses for
laser intensity sensors, the intensity of a laser, even of a 15-mW laser diode, is quite
high. In fact, the peak intensity experienced by our resonators in the previous section
was at least 13 kW/m2. In everyday systems, such intensities are uncommon.
In an effort toward obtaining the ultimate sensitivity of these devices, we at-
tempted to measure solar radiation pressure. On average, solar radiation intensity
on the surface of the earth is about 1,000 W/m2 on a clear day. This value is of
course just an estimate assuming absolutely ideal conditions.
Measuring solar radiation via the detection of solar radiation pressure has an
advantage over light intensity measurements: it is not limited to detection of photons.
Since these measurements are dependent only on momentum transfer, our method
can be used to attempt to detect exotic particles emitted by the sun. It has been
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estimated that as much as 10% of the sun’s energy is lost to “non-standard” processes,
and that these losses can be measured via radiation pressure (Gondolo and Raffelt,
2009; Baker et al., 2012). While such measurements may be difficult on the surface
of the earth because of atmospheric interactions with such particles, experiments on
earth are a necessary first step before extraterrestrial measurements can be made.
To measure solar radiation, we designed a method by which the solar intensity
could be modulated at a controlled frequency, allowing use to accurately measure the
radiation pressure. This experiment uses the same theory as the previous experiment.
One of our piezoelectric MEMS resonators will be driven at one of its nonlinear
resonance frequencies at a high power. Incident light—this time in the form of solar
radiation—will be modulated at some much lower frequency, and the resonator’s
response will be measured using a spectrum analyzer.
4.3.1 Resonator Design
For this experiment, we are using a different resonator. The resonator consists of
twenty 108-micron by 9.6-micron beams that are fixed at locations 5 microns from
their ends. The beams are also connected to each other via 1-micron by 4.5-micron
beams. A micrograph of the resonator is shown in Figure 4·12(a), and a magnified
view of the end of one of the beams is shown in Figure 4·12(b).
Using beam theory, the flexural eigenfrequencies and modeshapes can be calcu-
lated using the Euler-Bernoulli beam theory. The Euler-Bernoulli equation is
EI
∂4w
∂x4
= −µ∂
2w
∂t2
+ q, (4.8)
where E is the elastic modulus of the beam, I is the second moment of the area, w
is the deflection of the neutral axis, x is some position along the beam, µ is the mass
per unit length, t is time, and q is an applied load. To find the eigenfrequencies and
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Figure 4·12: (a) Optical micrograph of resonator used for the detec-
tion of solar radiation pressure. (b) Higher-magnification micrograph
of the end of one of the beams. The black regions are empty space, the
light gray are electrodes, and the dark gray is AlN.
modeshapes, we can begin by assuming that there is no applied load, so q is zero.
Taking the Fourier transform of the equation, we can also find that
kn =
(
µω2n
EI
)1/4
, (4.9)
where kn is the wave number of a normal mode and ωn is the angular resonance
frequency.
The boundary conditions for this beam are
w
(−L
2
+ d
)
= 0 (4.10a)
w
(
L
2
− d
)
= 0 (4.10b)
w′′
(−L
2
)
= 0 (4.10c)
w′′
(
L
2
)
= 0, (4.10d)
where L is the length of the beam and d is the distance of the fixed points from the
ends of the beam. The center of the beam (along the length) is defined as x = 0. The
first two boundary conditions exist because the fixed points cannot deflect. The last
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Table 4.1: Lowest 10 theoretical eigenfrequencies corresponding to
flexural modes of individual beams in resonator used for solar radiation
measurements.
n knL fn =
ωn
2pi
[MHz] Parity
1 3.305 4.265 Even
2 6.638 17.199 Odd
3 9.994 38.990 Even
4 13.377 69.849 Odd
5 16.786 109.982 Even
6 20.220 159.589 Odd
7 23.679 218.857 Even
8 27.160 287.934 Odd
9 30.660 366.921 Even
10 34.174 455.850 Odd
two are from the free ends because the bending moment,
M(x) = EIw′′. (4.11)
From these equations combined with the differential equation’s general solution,
w(x) = A1 cosh(knx) + A2 sinh(knx) + A3 cos(knx) + A4 sin(knx), (4.12)
we find two equations constraining the values of kn—one for odd modeshapes, and
one for even modeshapes:
0 = cosh
(
kn
(
L
2
− d
))
cos
(
knL
2
)
+ cosh
(
knL
2
)
cos
(
kn
(
L
2
− d
))
(4.13a)
0 = sinh
(
kn
(
L
2
− d
))
sin
(
knL
2
)
+ sinh
(
knL
2
)
sin
(
kn
(
L
2
− d
))
(4.13b)
Numerically evaluating these, then using an equivalent-beam model to determine the
eigenfrequencies, we find the results in Table 4.1. The modeshapes corresponding
to the first 6 modes from Table 4.1 are shown in Figure 4·13. In this figure, the
top shapes show the mode shapes for odd values of n, and the bottom shapes are
the mode shapes for even values of n. Between the two plots, the gray rectangle
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illustrates a single beam from the resonator. In this illustration, blue and yellow
electrodes correspond are connected (i.e., blue to blue and yellow to yellow), and
black regions are locations at which the beam is attached to adjacent beams or to the
substrate.
In addition to these modes, longitudinal modes along the length of each of the
beams, such as the one shown in Figure 4·14, produce large resonance peaks. These
modes tend to have similar frequencies to the flexural modes, and are most easily
calculated numerically because of the complex layer structure.
4.3.2 Experiment Design
Using sideband modulation to detect solar radiation presents certain experimental
challenges that don’t exist with a laser:
• The experiment must be performed outside with a clear view of the sun.
• The resonator should be easily repositioned for an unimpeded view of the sun
at any angle.
• The resonator must still be in vacuum to prevent heat-induced air pressure
waves.
• Solar radiation pressure is much smaller than our previously-detected radiation
pressures.
• We cannot directly interact with the radiation source (i.e. turn the sun on and
off at some rate.
To adjust for these challenges, we produced the design in Figure 4·15. We con-
structed a vacuum chamber from several vacuum connectors in order to make it
portable. There is a window at one end in order to allow sun to enter the chamber.
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Figure 4·13: Modeshapes of individual beams that make up the res-
onator used for this experiment. The top plot shows modeshapes for
odd values of n, and the bottom shows even values of n. The illus-
tration in the center indicates the fixed points (in black) and the elec-
trodes (blue and yellow). Electrodes of the same color are electrically
connected to each other.
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Figure 4·14: Sample longitudinal modeshape with frequency near 152
MHz for individual beam making up resonator. This modeshape was
calculated using COMSOL Multiphysics.
We connect to the resonator via feed-throughs in a vacuum blank. In order to mod-
ulate the sunlight, we use an optical chopper. Depending on the chopper wheel used,
this can be used to modulate the solar output at a rate from 20 Hz to several kHz.
This entire assembly is mounted on a telescope tripod (not shown in illustration).
Figure 4·16 shows a photograph of the assembly.
One difficult part of this experiment is alignment of the window with the sun.
Since the resonator is inside the vacuum chamber, we cannot directly observe the
intensity of the light entering the chamber. To assist with alignment, we arranged
several photoresistors inside and around the vacuum chamber: one directly adjacent
to the resonator, as shown in the photograph in Figure 4·17, and three around the
flange containing the window.
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Figure 4·15: Schematic diagram of vacuum and electrical layout of
experiment for detection of solar radiation pressure.
4.3.3 Experimental Method
The method of this experiment is very similar to the method used in Section 4.1. To
detect optical radiation pressure, the resonator will be driven at one of its nonlinear
resonances at high power. Simultaneously solar radiation will be modulated at some
frequency using the optical chopper. As with the previous experiment, this will
produce a response at the driving frequency and at every sum and difference of the
driving and modulation frequencies.
Throughout this experiment, alignment is a challenge because the sun is constantly
moving at a rate of approximately 0.25 degrees per minute, making averaging over
many measurements difficult. To account for the sun’s motion, the same procedure
is used to measure each data point. Further, since we cannot directly interact with
the sun to change its intensity, we used arrangements of optical polarizers and filters
to modulate its intensity and wavelength.
1. The optical window is aligned with the sun.
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Figure 4·16: Photograph of the assembled experiment. The resonator
is mounted inside of a small vacuum chamber that was constructed
using vacuum tees. Electrical access is provided via a vacuum blank
with SMA feed-throughs. The figure shows top and side views of the
chamber, with labels for all critical components.
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Figure 4·17: Photograph of printed circuit board holding resonator
and photoresistor. The photoresistor is connected using the blue leads
near the bottom of the photo. The resonator can be driven or measured
using the SMA ports labeled “S1” and “S2”.
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Alignment is achieved by orienting the vacuum chamber so as to minimize the
resistances of the photoresistors. The voltage at the centers of four voltage
dividers consisting of a 100-Ω resistor and a photoresistor are measured using
one of the analog intput pins of an Arduino Uno. The Arduino then outputs
that signal to a computer via a MATLAB script and the data is plotted in real
time. The plot is observed while positioning the vacuum chamber.
2. The resonator’s frequency response is measured using a network an-
alyzer.
Using the network analyzer (not illustrated in Figure 4·15), we measure the
“S21” parameter of the resonator. At high driving powers (16 dBm is used)
for this measurement, we observe a step increase in signal size between two
frequency values—the frequency after the step is chosen as the driving frequency
for the data point. A sample resonance peak is shown in Figure 4·18. The
network analyzer sweeps the frequencies from lowest to highest. Checking the
resonance for each data point allows us to adjust for phenomena such as thermal
drift of the resonance. It also allows us to renormalize with respect to the on-
driving response if necessary.
3. The solar intensity is measured using a solar power irradiance meter.
The incident solar intensity is dependent on the filter and polarizer arrange-
ment that is used during a given experiment. To quantify the intensity, the
filter/polarizer arrangement is held in front of the sensor on a solar power irra-
diance meter. The meter is then set to its “Max Hold” setting and pointed at
the sun until a maximum value is reached.
4. The resonator is connected to a signal generator and spectrum ana-
lyzer, and the first-order lower sideband (LSB) is measured.
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Figure 4·18: Sample measured frequency response used to identify
best driving frequency for next sideband measurement experiment. The
dependence on frequency sweep direction is shown. The purple line
indicates measurement of the response for decreasing frequencies, and
the green indicates increasing frequencies.
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After connecting to the signal generator, the generator’s driving frequency is
set to the peak value measured by the network analyzer, and the power is set
to the maximum value (19 dBm). The filter arrangement is held in front of the
window. To measure, the spectrum analyzer is centered at f = f0−fm where f0
is the driving frequency and fm is the modulation frequency. The measurement
frequency span is set to about 20 Hz. The spectrum analyzer averages over 20
measurements. The signal generator and spectrum analyzers are synchronized
with each other using their 10 MHz ports.
5. All data is recorded
Depending on the data type, the data is either retrieved by the computer or it
is manually recorded.
The total time required for each measurement is about 5 minutes. The field of
view of the assembly, taking into account the distance of the resonator from the
window, is estimated to be 9.4 degrees.
4.3.4 Preliminary Results
In these experiments, we indeed found that it was possible to detect solar radiation
via sideband modulation with our resonators. Interestingly, however, we did not find
that the signal size increased linearly with solar intensity. Results of a preliminary
experiment are shown in Figure 4·19.
This figure shows the amplitude of the first-order LSB as a function of solar
intensity for a modulation frequency fm of 200 Hz. The various intensities were
achieved through the use of polarizer and filter configurations. For each configuration,
the solar spectra in the range 200 to 1,100 nanometers, shown in Figure 4·20, were
measured using an Ocean Optics HR4000 UV-NIR spectrometer. The spectrometer
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Figure 4·19: Preliminary data taken during solar radiation pressure
measurements. Data was measured on a sunny day using a variety of
polarizer and filter configurations.
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was pointed as directly at the sun as possible without saturating it. All data was
taken on the same sunny day, where the solar intensity was approximately 1,000
W/m2.
4.3.5 Discussion & Conclusions
While the results shown in Figure 4·19 may not indicate that we are measuring solar
radiation pressure, there are several interesting features nonetheless. First, data that
was recorded for configurations which only included wavelengths larger than 600 nm
appear to have a linear intensity dependence. However, the inclusion of smaller
wavelengths leads to much larger signal amplitudes for a given solar intensity.
For example, data for larger wavelengths gives a sensitivity of about Vout =
(3.2 nV/(W/m2))Irad. For this sensitivity, we can anticipate a signal size near 3,200
nV for a solar intensity of 1,000 W/m2. However, the actual signal size is on average
5, 180± 758 nV. While there is a relatively large spread in the measured values, the
sidebands are consistently much larger than what may be expected. The same is true
for data measured using only the FES0650 filter, which allows the visible spectrum
to pass. The intensity of light coming from the filter was measured to be near 300
W/m2, which would be expected to give a sideband amplitude near 960 nV. Despite
this expectation, the measured amplitdue was on average 2, 218± 398 nV: more than
twice the value obtain for larger wavelengths of the same intensity.
The intensity value in Figure 4·19 is based on a single “max hold” measurement
that was taken during resonator’s measurement. The maximum was recorded for
simplicity, though it may not be a good indicator of the average intensity during
the measurement. Further, perfect alignment of the resonator to the sun is difficult
to ensure. While we maximized the brightness measurement using the photoresistor
within the vacuum chamber as well as by observing the sideband, it is possible that
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Figure 4·20: Solar spectrum measured during the experiment, nor-
malized by the maximum value measured. The shaded purple region
shows the relative intensities for data taken without a filter, and all
other lines show results for various filter configurations.
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the solar intensity was not maximized at the resonator itself.
While these sources of uncertainty can contribute to some of the data spread, it
is likely that the large and small wavelength dependence is a result of the wavelength
dependence of the reflectivity, though other phenomena such as heating are also
possible. While overall, we believe that the results are a result of both heating, RP,
and possibly other effects, further study is required to separate these effects.
Chapter 5
Detection of Acoustic Signals via
Sideband Modulation of MEMS
Resonators
As an extension to the previous sections, we attempted to detect acoustic signals
using the same resonators. These simple resonators were shown to be highly sensi-
tive for measurements of forces even as small as radiation pressure. Though acoustic
pressure waves generate much larger pressures, they inherently must travel through
a medium. As such, their detection faces additional limitations. Namely, the res-
onator cannot be placed in vacuum. Placing the resonator in vacuum significantly
decreases the amount of viscous friction experienced by the resonator, and therefore
can significantly increase the signal-to-noise ratio.
Several examples of microphone designs were presented in Chapter 1 and will
be discussed in the following sections. Many existing MEMS microphones employ a
suspended diaphragm which, via the force imparted by an acoustic pressure wave,
vibrate at an acoustic frequency. These signals are then transduced into electrical
signals which can then be used for other purposes.
While they are certainly small, these microphones can have sizes of 500 microns in
diameter and die sizes as large as 3-by-3 millimeters (Chan et al., 2011). The smallest
of these devices that we were able to identify has a diameter of 280 microns and die
size of 1.7-by-1.7 millimeters (Lo et al., 2018). Many of these devices also still rely
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on capacitive detection, which can lead to stiction.
5.1 Acoustic Pressure-Induced Sideband Modulation
In this experiment, we demonstrate that, despite the added damping and noise that
the resonators experience in air, they are able to reliably detect acoustic pressure
waves at room temperature. In order to rule out any sort of noise-induced excitations
of the sidebands, we used a mechanical tuning fork to generate the sideband as well
as electrical speakers. The method below could provide new methods for the creation
of highly-sensitive, but incredibly small, microphones for future consumer electronic
devices.
Our resonators have the advantage that their dies occupy only 0.5 mm2 in area.
In addition, this methodology should be effective for most resonator shapes which
use the layer structure outlined in Chapter 2, provided that they exhibit strongly
nonlinear behavior.
The follow subsections were reformatted and edited from a paper that we published
in Applied Physics Letters1 (Boales et al., 2017a).
5.1.1 Abstract
We report successful detection of an audio signal via sideband modulation of a nonlin-
ear piezoelectric micromechanical resonator. The 270-by-96-µm resonator was shown
to be reliable in audio detection for sound intensity levels as low as ambient room
noise and to have an unamplified sensitivity of 23.9 µV/Pa. Such an approach may
be adapted in acoustic sensors and microphones for consumer electronics or medical
equipment such as hearing aids.
1Subsections 5.1.1 through 5.1.6 are reprinted from Boales, J. A., Mateen, F., Mohanty, P. (2017).
Micromechanical microphone using sideband modulation of nonlinear resonators. Applied Physics
Letters, 111(9):093504, with the permission of AIP Publishing.
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5.1.2 Introduction
The first microphone was invented and patented by Emile Berliner in the late nine-
teenth century (Berliner, 1880). Since then, microphone diaphragms have shrunken to
astounding sizes and continue to shrink (Scheeper et al., 1994; Lee and Lee, 2008; Li
et al., 2017a). One constant motivation for the size reduction is to fit more functional-
ity into modern smartphones and other smart devices while maintaining a small form
factor; however, smaller microphone diaphragms are not without their drawbacks.
Namely, the size of the diaphragm largely controls its signal-to-noise ratio (Bae et al.,
2004; Tanaka, 2007; Mohd-Yasin et al., 2009), which can dramatically impact the
usability of devices such as hearing aids (Levitt, 2001).
Countless microphone types for applications ranging from voice recording to med-
ical ultrasound have been realized, each requiring its own special design (Scheeper
et al., 1994; Ballantine et al., 1996). As recently as 2009, a new type of laser-based
microphone, which measures the vibrations of particulates suspended in air, was
patented (Schwartz, 2009). However, this technology is cumbersome and expensive.
For practical applications, piezoelectric micromechanical (MEMS) microphones have
become an area of intense interest (Kressmann et al., 1996; Schellin et al., 1992;
Johnson, 2014; Littrell, 2010). Microfabricated MEMS microphones can be produced
with astoundingly small form factors and be built directly into semiconductor chips
(Scheeper et al., 1994; Williams et al., 2012).
Here, by taking advantage of the frequency-mixing properties of nonlinear MEMS
resonators constructed from a combination of silicon structure and aluminum nitride
active layer, we have successfully and reliably detected sound waves using a device
with a top surface area of only 2.6×10−8 m2. Sound intensity levels as low as 54 dBA
were detectable using this device. Our setup can be used to produce a microphone
with sensitivity comparable to current state-of-the-art devices (Williams et al., 2012).
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As we have demonstrated in previous work (Boales et al., 2017c), it is possible
to transmit information by applying a small, off-resonance, time-varying force to a
nonlinear mechanical resonator that is being strongly driven at one of its resonance fre-
quencies. In our previous work, we demonstrated this using optical radiation pressure
in vacuum. This had the advantage of increasing the quality factor of the resonator
by removing losses due to air (Mohd-Yasin et al., 2009; Imboden and Mohanty, 2014;
Vig and Kim, 1999).
In this paper, we present the results of a similar experiment that uses acoustic
pressure waves as the small signal rather than modulated optical radiation pressure.
In contrast to the previous experiment, the acoustic pressure wave inherently requires
a medium for propagation. Despite the much higher damping and lower quality factor
that is present when the resonator is exposed to air, we were able to consistently detect
sound waves with high sensitivity.
5.1.3 Materials & Methods
We have previously shown that a nonlinear response for a single vibration mode of
the resonators in this experiment can be modeled using the equation (Imboden and
Mohanty, 2014)
mx¨+ γx˙+ kx+ k3x
3
= Ar cos(2pifrt) + Am cos(2pifmt) (5.1)
where m is the effective modal mass, γ is the linear damping factor, k is the effective
modal spring constant, k3 is the cubic nonlinear spring constant, Ar is the resonance
driving amplitude, Am is the driving amplitude produced by the sound waves, fr is
resonance frequency, t is time, and fm is the frequency of the sound wave. In this
experiment, Am is proportional to PA, where P is the amplitude of the pressure wave
116
and A is the effective modal area of the resonance mode.
The pressure wave used in this basic analysis is also known as the Langevin (rather
than Rayleigh) acoustic radiation pressure, which is the average difference between
the force per area applied to the front surface of the device and the ambient pressure
at the back surface (Beyer, 1976). More recently, it has been shown that Rayleigh
acoustic radiation pressure is the acoustic radiation pressure that acts on a moving
surface, while the Langevin radiation pressure acts on a stationary surface (Hasegawa
et al., 2000). In this experiment, the vibrational frequency of the resonator is orders
of magnitude larger than the acoustic frequency, so the resonator is at rest on average
over the period of the acoustic wave. The amplitude of mechanical oscillation is also
negligible. For both of these reasons, the resonator can be treated as being stationary.
A steady-state solution to equation (1) near the first harmonic of the resonance
can be written as (Boales et al., 2017c)
x(t) ≈ cr cos(2pifrt) + cm cos(2pifmt)
+
∑
n
c3(n) cos (2pi(fr ± nfm)t) (5.2)
where cr, cm, and c3 are response amplitudes and n is a positive integer. In the
absence of nonlinearity, c3(n) is zero for all n. Frequency and amplitude informa-
tion contained within the modulation signal can be decoded by demodulating the
sidebands at frequencies fr ± nfm. For convenience, we use the first-order upper
sideband, which is located at the frequency fr + fm, in this experiment.
As illustrated in Figure 5·1(a), we electrically drive a piezoelectric MEMS res-
onator at resonance using a signal generator at 19 dBm. An audio speaker is placed
at a fixed distance from the resonator and provided a signal at a single frequency, typ-
ically 200 Hz. The resonator’s response is amplified, then measured using a spectrum
analyzer. As shown in the micrograph in Figure 5·1(b), the resonator is a 270-by-96-
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µm rectangular plate which is suspended by sixteen 15-by-3-µm legs. From bottom
layer to top layer, it is constructed from a 5-µm silicon and 1-µm silicon dioxide struc-
ture, a 300-nm molybdenum ground plane, 1-µm aluminum nitride (AlN) piezoelectric
layer, and 300-nm interdigitated molybdenum electrodes. Signals can be electrically
measured or applied at the electrodes labeled “S”, and the electrodes marked “G”
provide access to the ground plane. The resonator is directly electrically driven via
the inverse piezoelectric effect, where a potential applied across the AlN causes a
strain in the layer. The response is measured via the direct piezoelectric effect, where
a strain in the AlN layer produces a potential difference between the molybdenum
layers.
5.1.4 Results
The resonator contains a number of resonant modes in the frequency range of 1 to
80 MHz, as shown in Figure 5·1(c), the most prominent one being the 15.168 MHz
mode. The mode shape, generated using COMSOL Multiphysics, is shown in the inset
of Figure 5·1(c). The mode shape and frequency can be similarly approximated by
solving the Euler-Bernoulli equation. This resonance mode is used for the remainder
of the experiment. For this mode, m is approximately 57.7 ng, k is 523.8 kN/m, and
γ is 6.10× 10−6 Ns/m.
Next, we drove the resonator at 15.168 MHz and measured its response, shown by
the pink line in Figure 5·2(a). The resonance peak is the furthest to the left, and the
other peaks are primarily due to 60 Hz noise sources and internal instrument noise.
The x-axis shows the frequency relative to the driving frequency. We then turned on
the speaker and measured the response again, as shown by the blue line in Figure
5·2(a). With the speaker turned on, a prominent peak appeared at 15.1682 MHz, 200
Hz above the driving frequency. The magnified oval on the plot shows that, with the
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Figure 5·1: (a) Experimental setup. A piezoelectric MEMS resonator
is electrically driven using a signal generator and its response is mea-
sured using a spectrum analyzer. At the same time, an audio signal
is provided to speakers, and the sound wave they produce is incident
on the resonator. (b) Micrograph of the resonator used for this exper-
iment. Electrodes marked “S” are used for driving or measuring the
response of the resonator. Electrodes marked “G” are used to access
the grounding plane. (c) Frequency response of resonator the resonator
when driven at 19 dBm in the range 1 to 80 MHz.The inset is the
modeshape of the 15.168 MHz mode as generated by COMSOL.
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Figure 5·2: (a) Response of resonator when driven with power 19 dBm
at 15.168 MHz. The pink line was recorded with only ambient noise
present, and the blue line was recorded while the speaker was producing
a 200 Hz audio tone. (b) Response of resonator in range 374 to 394
Hz above resonance when driven with power 19 dBm at 15.168 MHz.
The pink line was recorded with only ambient noise present, and the
blue line was recorded while a musical tuning fork was making sound.
This data was collected to rule out electronic noise as the source of the
produced sideband.
speaker turned off, there is no peak present at that frequency.
As evident from the large number of peaks in Figure 5·2(a), electronic noise is
also a potential source that can produce sidebands. To rule out electronic noise as
the source of the sideband observed during the 200 Hz speaker experiment, we used
a 384 Hz mechanical tuning fork (such as those used for tuning musical instruments)
to produce a sideband 384 Hz above resonance, as shown in Figure 5·2(b). When the
tuning fork is making sound, a sideband peak that is approximately 100 µV larger
than the background is present. When it is silent, the sideband is not present. The
tuning fork has the advantage that it is a purely mechanical source of acoustic waves,
so electronic interference is not possible; hence, the sideband must be a result of
acoustic pressure waves.
After verifying that the sideband was indeed a result of the sound produced by
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the speaker, we further characterized the resonator and the sideband for various
operational parameters. Figure 5·3(a) shows the shape of the resonance peak as a
function of frequency and for several different driving powers. Next, we measured the
size of the first-order upper sideband as a function of driving frequency, Figure 5·3(b).
For this plot, a 200-Hz sound wave was continuously incident on the resonator, and the
sideband amplitude was measured as the frequency of the 19-dBm signal provided to
one of the S terminals was varied. By comparing Figures 5·3(a) and 5·3(b), it is clear
that the sideband amplitude is directly related to the resonant response amplitude of
the resonator, as expected.
Furthermore, we drove the resonator at 15.168 MHz and measured the sideband
amplitude while varying the resonator drive power from 19 dBm to -29 dBm in 3
dBm increments, Figure 5·3(c). Once again, this demonstrated that the sideband
amplitude is directly proportional to the resonance response amplitude. Finally, we
measured the dependence of the sideband amplitude on the sound level intensity,
Figure 5·3(d). For this measurement, an acoustic wave with RMS pressure between
0 and 2.7 Pa was produced by the speakers. The sound level intensity was calibrated
using a standard sound level meter (Protmex MS6708). As shown in Figure 5·3(d),
the sideband amplitude is directly proportional to the amplitude of the pressure
wave applied, and hence the size of the force applied by the acoustic wave. This
linearity is consistent with our predictions and with results of previous published
works (Boales et al., 2017c). Using this data, we find that, including our preamplifier,
these devices can be used as microphones with a sensitivity of 1.53 mV/Pa. Without
signal amplification, the sensitivity is 23.9 µV/Pa. For the data in Figure 5·3(a), the
spectrum analyzer was set to a bandwidth of 9.1 kHz and set to hold its maximum
value. For the remaining subfigures, the spectrum analyzer was set to a bandwidth
of 2 Hz and averaged 10 times for each measurement.
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Figure 5·3: (a) Response of resonator between 14.5 and 16.0 MHz
when directly driven at various powers. (b) Amplitude of the first or-
der upper sideband when the resonator is driven with power 19 dBm
between frequencies 14.5 and 16.0 MHz. (c) Sideband amplitude as
function of resonator driving power while resonator is driven at 15.168
MHz. (d) Sideband amplitude as function of sound intensity. Res-
onator is driven at constant power 15.168 MHz with power 19 dBm
and acoustic wave is applied at randomly generated amplitudes.
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5.1.5 Discussion
Recently, a design for an AlN-based MEMS microphone was demonstrated to have a
sensitivity comparable to the results presented in this paper (Williams et al., 2012).
However, unlike the previously published results, our microphone takes advantage of
the nonlinear nature of MEMS resonators. While other state-of-the-art microphones
have been shown to have sensitivities in the range of 200 µV/Pa (Kressmann et al.,
1996; Schellin et al., 1992; Littrell, 2010), they have not taken advantage of the
mode-mixing properties of nonlinear MEMS devices. The sensitivity produced by our
method can be further enhanced by using improved or specially-designed resonator
shapes.
It is important to note that the resonator design and equipment used for this
demonstration are intended only as a proof-of-concept; the resonators have not been
optimized for this application, nor has the measurement equipment used been minia-
turized. Future work in this project includes optimizing the design for both increased
sensitivity and an increased signal-to-noise ratio. Further, we acknowledge that op-
eration in the nonlinear regime has the marked disadvantage of increased power con-
sumption. For instance, throughout this experiment, we used a power of 79 mW to
drive the resonator. Resonators which may operate in their linear regimes require
only tens or hundreds of microWatts. An easily available MEMS microphone from
Analog Devices (Model ADMP401) has a sensitivity of -42 dBV and requires only
0.83 mW of power. While it is certainly possible to operate near the linear regime,
high powers provide a marked improvement in sensitivity, as demonstrated in Figure
5·3(c). However, optimization of our nonlinear microphone design may enable their
use for measurement of ultrasensitive signals where conventional linear microphones
are impractical. For instance, the Analog Devices package is 4.72 mm × 3.76 mm,
requiring more than 680 times more surface area than the resonators from this ex-
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periment (Analog Devices, 2012). In order to further compete with existing devices,
improved piezoelectrics such as Sc-AlN can be used to improve signal transduction
compared to AlN (Umeda et al., 2013) and structural materials such as diamond may
be used to improve the quality factor of the resonators (Bautze et al., 2014).
5.1.6 Conclusion
In conclusion, we have shown that a piezoelectric MEMS resonator can easily be
driven strongly enough in air to display nonlinear behavior, which can be used to
detect audio signals as small as 54 dBA with an effective diaphragm size as small as
2.6 × 10−8 m2. The sensitivity of this device was further shown to be 23.9 µV/Pa,
or -92.4 dBV. For practical applications such as audio microphones and hearing aids,
similar resonators may be arrayed and used in conjunction with modern demodulation
methods to rival commercially-available state-of-the-art microphones.
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Chapter 6
Measurement of Nonlinear Material
Characteristics using MEMS Resonators
6.1 Nonlinear Material Properties
As was briefly discussed in Section 2.4.3, nonlinearities in MEMS devices exist for
more than design reasons—the materials themselves contribut to this nonlinear be-
havior. In this chapter, I will discuss several types of material nonlinearities, then
describe an experiment by which our MEMS resonators are used to measure some of
these nonlinear properties.
6.1.1 Types of Nonlinear Material Properties
Linearity is often just an approximation that is convenient and can accurately model
systems for some range of operational parameters. However, nonlinearity can (and
does) occur for a variety of reasons in different materials:
• Saturation of electric or magnetic dipole moments
• Excessive lattice distortions leading to yield or fracture
• Rate-dependent damping resulting from non-Newtonian behavior of fluids
Here, I’ll briefly describe a few of these phenomena in real devices.
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6.1.1.1 Optical Rectification
In optical rectification, the application of a sufficiently large alternating electromag-
netic field (i.e a high-powered laser) leads to the generation of a DC polarization
within an optical material (Boyd, 2008). This is effectively the result of sum and
difference generation using two photons of the same frequency: signals at zero and at
2f are generated.
One application of this phenomenon is the generation of ultra-high, near terahertz
laser pulses. In this application, 0.5 THz laser pulses were generated with intensities
as high as 10 GW/m2 (Yeh et al., 2007). This method is often used for its extremely
high accuracy and high frequency, and, only this year, has been shown to be an
excellent choice for the probing of relativistic electrons (Li et al., 2018).
Recently, interest in the use of rectennas (rectangular antennas) has increased. It
has been shown that these can enhance the pulse generation at frequencies at 382
THz (Piltan and Sievenpiper, 2017).
6.1.1.2 Magnetic Hysteresis
Magnetic hysteresis is a well-studied phenomenon for many applications. In magnetic
materials, applied magnetic fields cause electronic spins to align in a particular direc-
tion. As the field strength is increased, the number of spins aligned increases until
saturation (in other words, until all of the spins are aligned with the field).
When the applied magnetic field is reduced or removed, the material “remembers”
and some of the spins within the material remain aligned, so that at zero applied field,
there is still a net magnetization. The field can then be applied in the opposite direc-
tion until saturation, and, upon removal of the field, the material will be magnetized
in the opposite direction. Figure 6·1 illustrates this effect.
Magnetic materials are used in devices ranging from audio cassette tapes and
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Figure 6·1: Illustration of magnetic hysteresis effect. As the magnetic
field is increased, the magnetization eventually saturates. When the
field is once again reduced, a net magnetization remains.
hard drives to switches and sensors. In MEMS, despite fabrication challenges, these
materials are often used in sensing. One such challenge is that magnetic field strengths
are volume dependent, and MEMS inherently have low volumes. Permanent magnetic
materials can also be difficult to micromanufacture (Arnold and Wang, 2009).
Regardless, magnetic materials have been integrated in MEMS devices for appli-
cations including sensors and energy harvesting. In an energy harvesting application,
high-energy-density magnets were used to generate 5 µW/mm2 using a magnetic re-
gion as small as 1 mm by 1 mm (Lofink et al., 2017). Magnetic materials have even
been used to reduce MEMS phenomena such as stiction (Munoz et al., 2018).
6.1.1.3 Mechanical Yield & Fracture
Mechanical yield and fracture exist in all materials. In mechanical yield, once a
sufficient load has been applied to a material for it to reach its yield stress, it deforms
such that it has a permanent strain. If the stress increases even more, the material
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can undergo fracture. In this case, the stress becomes so large that the material
breaks.
Yield and fracture are normally phenomena to be avoided when designing mechan-
ical systems. It is, however, still useful. In fact, fracture is often used in pressure-relief
safety “valves”. These valves (often used with high-pressure gases and steam) are spe-
cially designed disks that, under a highly-predictable load, will rupture, releasing the
pressure. For that reason, they’re also known as rupture disks.
In MEMS devices, because of the significantly reduced size compared to many
everyday objects, stress and strain can be different. So, methods for measuring ma-
terials on these scales can be important. In fact, in one experiment, it was shown
that, while the elastic modulus of aluminum was unaffected by size changes, the yield
strength of the material increased by as much as a factor of 63, and strain hardening
was absent (Haque and Saif, 2002).
6.2 Detection of Nonlinear Piezoelectric Coefficients
In this section, I describe an experiment by which, using MEMS resonators, we were
able to measure the nonlinear properties of a piezoelectric material. This has been
published on arXiv (Boales et al., 2018) and is reprinted here in sections 6.2.1 through
6.2.7. It is also currently under review by the journal Applied Physics Letters.
6.2.1 Abstract
We describe and demonstrate a method by which the nonlinear piezoelectric proper-
ties of a piezoelectric material may be measured by detecting the force that it applies
on a suspended micromechanical resonator at one of its mechanical resonance frequen-
cies. Resonators are used in countless applications; this method could provide a means
for better-characterizing material behaviors within real MEMS devices. Further, spe-
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cial devices can be designed to probe this nonlinear behavior at specific frequencies
with enhanced signal sizes. The resonators used for this experiment are actuated
using a 1-µm-thick layer of aluminum nitride. When driven at large amplitudes, the
piezoelectric layer generates harmonics, which are measurable in the response of the
resonator. In this experiment, we measured the second-order piezoelectric coefficient
of aluminum nitride to be −(23.1± 14.1)× 10−22 m/V2.
6.2.2 Introduction
Nonlinear materials and components are used in virtually all modern devices, and
nonlinear effects can be found in every branch of science. Engineers often take great
pains to avoid such nonlinearities, but they are nonetheless unavoidable—and often
helpful—in many devices. In electronics, transistors and diodes are some of the
most important components, yet they exhibit interesting nonlinear behavior that is
useful for applications such as signal rectification and amplification (Horowitz and
Hill, 1989; Read, 1963). Optical scientists and engineers often take advantage of
nonlinearity for applications like parametric amplification, optical rectification, and
harmonic frequency generation, among others (Boyd, 2008). Dating back to the time
of Newton, nonlinearity has played a role in fundamental physics with the discovery
of Newton’s Law of Universal Gravitation (Newton, 1729). The nonlinearity in this
law is even relevent today for objects such as satellites; the drag and orbital period
are nonlinear in orbital radius, so small variations in the orbital radius can lead to
significant variations in orbital motion (Subbarao and Welsh, 2008).
One application in which nonlinearity is becoming increasingly important is in
piezoelectric thin-film devices such as resonators (Li et al., 2017a) and transducers
(Liu et al., 2015; Benjeddou, 2018; Sinha et al., 2009). In the piezoelectric effect, an
applied mechanical stress produces an electric field; in the inverse effect, an applied
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electric field produces a strain. Piezoelectric materials provide a convenient way to
convert between mechanical displacements or vibrations and electrical signals. As
such, there are frequent publications on using piezoelectrics for energy harvesting
(Howells, 2009; Toprak and Tigli, 2014), communication (Boales et al., 2017c; Satoh
et al., 2005), force measurements (Boales et al., 2017a; Tansock and Williams, 1992;
Butt et al., 2005), and high-precision motion (Zhong and Yao, 2008; Xu, 2017),
among other applications. In many of these applications, it is desirable to reduce the
size of every component of the system as much as possible. However, as components
become smaller, nonlinearity becomes ever more important. For highly sensitive
applications, it is possible that the unaccounted-for presence of nonlinearity can affect
device performance, or that the nonlinearity itself may be useful in further enhancing
a device’s capabilities.
In the case of piezoelectric materials, if a large electric field is applied, its strain
may no longer vary linearly, which can lead to nonlinear phenomena such as sec-
ond harmonic generation (SHG) (Miller, 1964; Umeda et al., 1998). Despite the
importance of this type of nonlinearity, the methods for measuring the nonlinear
components of the piezoelectric coefficients remain limited by various aspects of the
measurement, and, based on our literature searches, much of the focus has been in
using lead zirconate titanate (PZT) (Ishii et al., 2003; Royston and Houston, 1998).
Many current methods use a thin-film device that was fabricated specifically for the
test (Ishii et al., 2003; Feld and Shim, 2010); however, such methods may not be
able to account for process-dependent changes in the piezoelectric material that may
occur during manufacturing of a real device, such as residual stresses that may be
present after the removal of a sacrificial oxide.
Here, we show that it is possible to quantify the nonlinear piezoelectric properties
by measuring the spectral behavior of a suspended micromechanical resonator at
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various electric field strengths. This method has the advantage that it can be used
at any frequency at which the resonator can vibrate. Further, it can be performed
using resonators that are fabricated for real systems or applications.
Microelectromechanical systems (MEMS) resonators can be designed to have a
wide operating range in the frequency spectrum or to have high-quality factor reso-
nances. When driven at these resonances, the output signal of the devices can be as
much as 10 million times larger than signals produced by off-resonance driving (Ghaf-
fari et al., 2013). By taking advantage of this signal enhancement behavior, resonators
can be designed and used to enhance many different types of driving forces.
6.2.3 Materials & Methods
Piezoelectric materials provide a convenient method for applying highly-repeatable
forces to the resonators. If a time-varying signal voltage is applied to the piezoelectric,
the force that is applied to the resonator is generated by the center-of-mass (COM)
motion of the piezoelectric layer. The magnitude of the applied force can be estimated
beginning with the piezoelectric constitutive relations. Using the Einstein summation
convention, these are (Ikeda, 1990),
Sij = s
E
ijklTkl + dkijEk (6.1a)
Di = diklTkl + ε
T
ikEk, (6.1b)
where S is the strain, sE relates to the elastic modulus at constant electric field, T
is the stress, d is the piezoelectric coefficient, E is the electric field, D is the electric
displacement field, εT is the electric permittivity at constant stress, and subscripts i,
j, k, and l denote Cartesian coordinate directions where 1 is along x, 2 is along y,
and 3 is along z. To a good approximation, there is negligible stress in the driving
electrode and strain in the plane of the piezoelectric film is zero. The force that the
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piezoelectric applies to the silicon structure can be calculated as,
F (t) = −(me +mAlN)z¨COM, (6.2)
from which we obtain
F (t) = −
(
1
2
mAlN +me
)
t0S¨z. (6.3)
where mAlN is the mass of the AlN between the electrodes, me is the mass of the
top electrode, t0 is the un-strained thickness of the AlN, zCOM is the center of mass
location of the AlN and top electrode, and Sz is the strain perpendicular to the film
plane. In order to verify the accuracy of this forcing equation to linear order, we used
COMSOL Multiphysics, a finite element simulation program, to analyze a simple
1-micron cube of aluminum nitride under single-frequency excitation potential and
measured the reaction force at the base of the material.
For a nonlinear piezoelectric coefficient, we can write (neglecting cross-terms)
Sz ≈
∑
n
d
(n)
33 E
n
z = d
(1)
33 Ez + d
(2)
33 E
2
z + ... (6.4)
where we adopt the notation that exponents in parentheses denote the order of lin-
earity, and exponents not in parentheses denote powers. For example, d
(n)
33 is the
nth-order piezoelectric coefficient for strains in the z-direction given an electric field
along the z-axis.
For single-frequency sinusoidal driving, Ez = (V0/t0) sin (ωt) where V0 is the am-
plitude of electric potential difference applied across the piezoelectric material, ω is
the driving angular frequency, and t is time. For this applied electric field, the force
applied to the resonator can be calculated by using the strain from equation (6.4) in
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equation (6.2), then taking the appropriate derivatives to obtain
F (t) =
(
1
2
mAlN +me
)
t0ω
2
×
∑
n=1
d
(n)
33 V
n
0
tn0
[−n sinn ωt
+n(n− 1) sinn−2 ωt cos2 ωt]. (6.5)
At each order of nonlinearity n, this expression can be expanded in linear powers
of sines and cosines that are spectrally located at integer multiples of the driving
frequency. Further, for each value of n, the nonlinear forcing signal is only present at
the nth harmonic and lower harmonics of the same parity (i.e., only at even or only
at odd lower harmonics); the size of the nonlinearity’s contribution is proportional to
V n0 .
For complex resonators such as the ones used in our experiments, it is often
convenient to one-dimensionalize their motion. This can be done using the equation
of motion for a damped harmonic oscillator,
z¨ +
ω0
Q
z˙ + ω20z =
F (t)
m
(6.6)
where z is the effective position of the resonator, Q is the quality factor of the res-
onance mode, ω0 is the resonance frequency, F (t) is the driving force, and m is the
effective mass of the resonator mode. Taking the Fourier transform of equation (6.6)
and solving for frequency-dependent magnitude of the resonator’s response, |Z˜(ω)|,
gives ∣∣∣Z˜(ω)∣∣∣ =
∣∣∣F˜ (ω)∣∣∣
m
1√
(ω20 − ω2)2 +
(
ω0ω
Q
)2 . (6.7)
where |F˜ (ω)| is the magnitude of the Fourier-transformed applied force from equation
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(6.5).
As illustrated in Figure 6·2(a), the resonators in our experiments are constructed
(from bottom to top layer) of a 10-µm silicon structure, a 200-nm molybdenum
grounding electrode, a 1-µm aluminum nitride active layer, and 200-nm signal elec-
trodes. While there are virtually limitless device geometries, for this experiment,
we use a rectangular plate-type resonator with side lengths 272 µm and 96 µm, and
sixteen 3-µm-by-15-µm anchors. A micrograph of one of the resonators used for this
experiment is shown in Figure 6·2(b). In this resonator, the top layer consists of two
sets of interdigitated electrodes (IDTs).
A signal can be applied to one set of the IDTs via the pad labeled “S1” or “S2”,
and the response of the resonator can be detected using the other. The applied
signal applies a force to the suspended silicon structure via the inverse piezoelectric
effect, causing it to vibrate as described above; the response of the resonator (i.e.,
the amplitude of its vibration) is measured at the other electrodes via the direct
piezoelectric effect. The pads labeled “G” are used as ground references.
In equation (6.7), the amplitude |Z˜(ω)| describes the contribution to the output
signal that results from deformation of the resonator structure. In general, there will
also be a signal contribution that results from the center-of-mass acceleration of the
output transducer, which is proportional to the the second time derivative of the
deflection, or ω2|Z˜(ω)|.
6.2.4 Results
Before attempting to quantify the resonator’s nonlinear piezoelectric coefficients, we
characterized the spectral behavior of the resonator using a network analyzer. The
resonator’s response between 1 and 160 MHz is shown in Figure 6·2(c). The res-
onator’s largest resonance occurs for a driving frequency of 118.626 MHz. This reso-
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Figure 6·2: (a) Layer structure of resonators. (b) Micrograph of res-
onator used in experiments. (c) Frequency spectrum of resonator from
1 to 160 MHz for 19-dBm driving power. The frequency spectrum be-
tween 5 and 30 MHz is magnified to illustrate the rich spectral behavior
of these resonators. (d) Shape of primary resonance peak for 0- and
19-dBm driving with inset modeshape.
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nance is shown in Figure 6·2(d), and its corresponding mode shape (calculated using
COMSOL Multiphysics) is shown in the subset. While the 118.626 MHz mode is the
most sensitive resonance mode, this experiment can be performed at any frequency.
Figure 6·2(c) serves to show the great many mechanical resonances that may provide
improved sensitivity in this experiment.
When a sufficiently large potential is applied to the piezoelectric layer at frequency
f (where f = ω/2pi), the layer will generate significant additional forces at integer
multiples of that frequencies (which will be measurable as long as they exceed the
effective thermal Johnson forcing), as described by equation (6.5). From our analy-
sis, it is evident that all of the nonlinear contributions can be determined by doing
separate first and second harmonic signal measurements for the same measurement
frequency. That is, by driving and measuring at frequency f (we use the shorthand
“D:f,M:f”), then separately driving at frequency f/2 and measuring at frequency f
(“D:f/2,M:f”).
An experiment would require measurements over a range of driving amplitudes.
Figure 6·3(a) shows, using the nonlinear values for quartz (Besson, 1974), how the
relative signal contributions may vary as a function of driving amplitude. For our
devices, the dielectric breakdown of AlN occurs at a maximum of 50 to 100-volts,
depending on the excitation frequency (Ruemenapp, 1999). At that amplitude, the
second- and third-order contributions could be as large as 1% of the linear response
magnitude.
In order to make these measurements, we designed the experiment described by
the schematic in Figure 6·3(b). In this experiment, the resonator is driven using a
Rohde & Schwarz SMY01 signal generator, and the input and output voltages are
simultaneously measured using an Agilent N9000A spectrum analyzer and a Stanford
Research Systems SR844 lock-in amplifier, respectively. The input signal measure-
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Figure 6·3: (a) Based on published values for quartz, these are the
expected relative signal sizes compared to the linear response. In the
key, “D” denotes the driving frequency, and “M” denotes the measure-
ment frequency. (b) Schematic diagram of the experiment. A signal
generator supplies a potential to a micromechanical resonator. The in-
put and output signals are simultaneously measured using a spectrum
analyzer and lock-in amplifier, respectively.
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ment is necessary in obtaining the true value of V0.
The output signal is measured at frequency f while driving at frequency f , then
separately while driving at frequency f/2. Simultaneously, the input signal is mea-
sured at both frequencies f and f/2. This allows us to quantify the sizes of the
harmonic distortions from the signal generator and calibrate them out.
After measuring the data, we obtain calibration fits to the “D:f,M:f” data via a
polynomial in odd powers of V0,
g1(V0) = a1V0 + a3V
3
0 . (6.8)
Next, using this calibration with the measured second harmonic produced by the
signal generator, we remove the second harmonic signal contribution from the out-
put “D:f/2,M:f” data. Measurements of the remaining signal are used to obtain the
second-order nonlinear piezoelectric coefficient described in this text by fitting it to
a polynomial in even powers of V0,
g2(V0) = a0 + a2V
2
0 + a4V
4
0 . (6.9)
Figures 6·4 show sample data that was collected near one of the mechanical reso-
nances using this method. We performed measurements at various frequencies using
multiple devices of the same design. Most measurements were taken within 5% of
the primary resonance. As may be expected, the resonance frequency varied between
resonators by as much as 4 MHz. In order to obtain quantitative values for the non-
linear piezoelectric coefficients, the coefficients an (for integer n) in equations (6.8)
and (6.9) can be compared to a1. The second-order term can be determined using
the function
d
(2)
33 = 2d
(1)
33 t0
a2
a1
(6.10)
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Figure 6·4: Plot of the ratio of the magnitude of the calibrated output
signal measured at the second harmonic to the input driving signal as
a function of driving signal. Using this and more data, we obtained
estimates of the second-order nonlinear piezoelectric coefficient.
139
Equations (6.8) and (6.9) can be further expanded in higher odd and even terms,
respectively, and similar expressions of the form
d
(n)
33 = cnd
(1)
33 t
n−1
0
an
a1
, (6.11)
where cn is a harmonic-dependent coefficient determined using equation (6.5), can be
used to obtain higher-order nonlinear piezoelectric coefficients.
6.2.5 Discussion
During this experiment, we measured the second-order piezoelectric coefficient of alu-
minum nitride using two separate devices near their primary resonances. For the first
device, we measured the constant to be −(26.3±10.5)×10−22 m/V2; and for the sec-
ond device, we measured the constant to be −(17.7±15.2)×10−22 m/V2. Combining
all measurements for both devices, we estimate the constant to be −(23.1 ± 14.1) ×
10−22 m/V2. As is apparent from the large uncertainties, this experiment provides
only order-of-magnitude estimates of the nonlinear coefficients. Further studies which
use more tightly-controlled AlN growth methods may produce results with smaller
uncertainties.
While second-order dielectric nonlinearities in AlN have been well-studied (Guo
et al., 2016; Xiong et al., 2012), this method was used to measure the second-order
nonlinear piezoelectric coefficients of AlN. We have used quartz as a material for
comparison, and found that our measured value is comparable to its value. Quartz
has a linear piezoelectric coefficient of about 2.2 pm/V, and a second-order nonlinear
constant of (−17 to − 40)× 10−22 m/V2 (Besson, 1974).
While this method works best for measurements of the nonlinear piezoelectric
coefficients at the suspended structure’s mechanical resonance, off-resonance mea-
surements are also possible. However, we find that, with our equipment used off-
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resonance, there is a significantly higher measurement uncertainty. In order to im-
prove this method, we suggest using additional filtering on the input line to reduce
the sizes of the harmonic distortions produced by the signal generator, such as the one
used by Tashiro et. al (Tashiro et al., 2002). This can reduce or eliminate the need
for removing the second-order and higher harmonic contributions from the driving
signal. In addition, low-noise pre-amplifiers and higher-precision signal measurement
equipment should improve the results.
In future experiments it may also be of interest to attempt to measure the signal’s
dependence on heating. In order to rule out heating as the primary source of the
signal, we performed several order-of-magnitude estimates to determine a maximum
signal size that may result from such heating. We found that the absolute maximum
signal that we may expect for a 1-volt signal is less than one hundred microvolts, which
is much less than the result obtained in this experiment. Details of this calculation
are in the Supplementary Material. While we determined that heating is not the
primary source of the signal, it is certainly possible that it contributes to the signal
in some way, and may warrant a future study as to its effect.
Some of the key difficulties of this experiment are the application of high-frequency
signals at large amplitudes, particularly without introducing additional harmonics.
While we attempted this experiment using signals amplified by a power amplifier,
we found that the additional noise and harmonics produced by the amplifier made it
impossible to separate the signal of interest from the direct driving signal. This type
of measurement is highly device dependent, which is also its appeal. However, this
makes performing a more comprehensive study using many more devices futile.
141
6.2.6 Conclusion
We have shown that it is possible to measure second- and higher-order nonlinear
coefficients of piezoelectric materials my measuring the force the material applies to a
micromechanical resonator. This method may be useful in characterizing the effects
of fabrication processes and phenomena on the piezoelectric materials used in devices
for real-world applications.
6.2.7 Supplementary Material: Measurement of nonlinear piezoelectric
coefficients using a micromechanical resonator
6.2.7.1 Derivation of eq. (6.3) from eq. (6.2)
Beginning with the approximation that the silicon structure is stationary, the force
on the surface of the resonator’s structure is obtained directly from Newton’s Second
Law as
F = −(me +mAlN)z¨COM (6.12)
where F is the applied force, me is the mass of the top electrode, mAlN is the mass of
the aluminum nitride piezoelectric layer between the top and bottom electrodes, and
z¨COM is the acceleration of the center of mass of these top to layers.
The center of mass of the moving parts (AlN and top electrode) relative to the
bottom of the AlN is located at
zCOM =
1
2
mAlNt0(1 + Sz) +me
[
t0(1 + Sz) +
te
2
]
mAlN +me
(6.13)
where t0 is the unstrained thickness of the AlN, Sz is the strain in the AlN normal
to the silicon, and te is the thickness of the top electrode. The first term in this
expression gives the center of mass location of the AlN layer, and the second gives
the center of mass location of the top electrode. The acceleration of the center of
mass is then obtained by taking the second derivative of the position with respect
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to time. Since strain is the only attribute in the expression for center of mass that
varies with time, we obtain
z¨COM =
1
2
mAlN +me
mAlN +me
t0S¨z. (6.14)
Plugging this result back into the initial expression for force gives
F = −
(
1
2
mAlN +me
)
t0S¨z. (6.15)
6.2.7.2 Thermal Analysis
To ensure that the harmonic signal is not due entirely to heating, we did an estimate
of maximum possible signal resulting from periodic heating of the resonator.
During a half of the driving period, the amount of energy dissipated by the system
is
Q =
1
2
f∫
0
V 20 sin
2 2pift
z
dt =
V 20
4Zf
(6.16)
where V0 is the amplitude of the driving signal, f is the driving frequency, Z is the
system impedance (50 ohms), and t is time. In general, this energy is dissipated in
a number of ways, including heating of all elements in the system and mechanical
vibration. If we make the assumption that all of the energy is transferred to the
resonator as heat, then the maximum temperature change during a half period at
steady state is
∆T =
Q
CM
=
V 20
4ZfCM
(6.17)
where ∆T is the temperature change and CM is the combined thermal mass of the
resonator. For the resonator used in this experiment, the thermal mass is approxi-
mately 5 × 10−7 J/K. For driving at 120 MHz with a 1-volt signal, the temperature
change is 83.7 µK. Assuming that all of this leads to a strain which can be directly
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measured via piezoelectric transduction. The strain resulting from thermal expansion
is then
Sz = α∆T. (6.18)
If this strain is fully suppressed, it would lead to a signal of
V =
Szt0
d33
=
α∆Tt0
d33
=
αV 20 t0
4ZfCMd33
. (6.19)
For a 1-volt driving signal, this would lead to a signal size of approximately 85.2 µV,
which is much less than the signal that was expected and measured as a result of
piezoelectric nonlinearity. It is also important to note that this is expected to be a
significant over-approximation of the signal size. The resonant mode at this driving
frequency highly complex, containing regions in tension and others in compression.
This should lead to a significant suppression such a thermal signal. Further, much of
the energy will be dissipated by other means. For instance, as these are resonators,
much of the energy may be dissipated within the bulk of the resonator as a result of
viscous friction. Some energy will also be lost in the wires and connections leading to
the resonator, particularly the wire bonds. Energy will also be lost to the environment.
While these devices are designed to resonate, energy is lost as phonons migrate from
the resonator to the substrate. Finally, in this analysis, we made the approximation
that the thermal expansion would be entirely suppressed. This is clearly not the case
in a real device.
While the effect of heating is expected to be small, it may, in part, leads to the
high levels of uncertainty experienced in these measurements.
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Chapter 7
Conclusions
7.1 Discussion
In this thesis, I presented the results of several experiments demonstrating the ex-
ceptional sensitivity of micron-scale piezoelectric resonators. I showed that these
resonators can be used in both their linear and nonlinear regimes, and can be used
to detect forces when those forces are used to directly drive the resonators or to
modulate an existing signal.
In Chapter 3, I presented the results of an experiment in which I directly actuated
a MEMS resonator using the force applied by radiation pressure. In this experiment,
I used a 520-nm laser diode to drive a resonator at one of its fundamental vibration
modes near 3.15 MHz. The resonator used was about 96 microns by 272 microns.
When the LD was driving with a force of 844 fN, it produced a peak signal near 95
nV (before amplification). With amplification, the measured signal was nearly 6 µV.
One of the astounding parts of this experiment is the incredible sensitivity of the
resonators. The smallest reliably detected signal was near 15 nV, which corresponds
to an average piezoelectric deformation of only 10−19 meters, or 0.1 attometers ! That’s
four orders of magnitude smaller than the size of a proton! Of course, the absolute
displacement at any location on the resonator may be larger, as there will be both
constructive and destructive contributions to the signal. Such sensitivity can be in-
valuable in countless applications. For example, it is already very well-known that
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piezoelectric cantilevers provide the exceptional sensitivities required for measure-
ments in devices like atomic force microscopes.
Nonlinearity provides a convenient method by which these signal sizes can be in-
creased by orders of magnitude, even without external amplification. In Chapter 4,
I demonstrate the results of several experiments that take advantage of sum and dif-
ference frequency generation. In these experiments, I drive the resonator at one of its
largest or most nonlinear resonance modes using a signal generator. Simultaneously,
I drove the resonator using a weaker, low-frequency modulation signal. This had the
effect of producing signals at frequencies offset from the driving signal by integer mul-
tiples of the modulation frequency. The amplitudes or frequencies of these sidebands
were then used to detect ultra small signals.
Once again, I drove the resonator using a laser, but this time at frequencies on the
order of hundreds to thousands of hertz, not megahertz. Using this method with laser
modulation at 1 kHz, using the same laser intensity that produced a 95 nV signal for
direct actuation, I produced a sideband signal of nearly 20 microvolts ! Almost three
orders of magnitude larger! This experiment was performed with light intensities as
large as 13 kW/m2.
In a follow-up experiment, I attempted the measurement of solar radiation pres-
sure. On the surface of the earth, solar intensity is approximately 1 kW/m2. It
is a significant challenge to improve the sensitivity to this level. During measure-
ments, using a different type of resonator, we observed a different phenomenon than
expected. While actuation via radiation pressure produces a signal that is linear in
light intensity, we observed a power law that was dependent on cloud cover. Based
on this result, we hypothesize that the nonlinear response is a result of resonator
heating, as the signal size appeared to follow the Stefan-Boltzmann law.
For a separate application, we attempted the measurement of acoustic pressure.
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While acoustic pressure amplitudes are much larger than the pressure applied by
photons, damping has a significant effect on resonator responses. The experiments
that used light were performed in vacuum, significantly enhancing the SNR. However,
acoustic pressure requires that the resonator be placed in air, increasing the damping.
Using the same method as was used for radiation pressure, we were able to measure
acoustic pressure waves with a sensitivity as high as 23.9 µV/Pa, which we amplified
to obtain a sensitivity of 1.53 mV/Pa. While this does not quite match current off-
the-shelf devices, these resonators are much smaller than current devices as well. In
fact, many existing microphones use membranes or cantilevers on the order of 2 mm
by 2 mm. Our resonators are less than one-sixteenth of that size! Further, smaller
resonators can be used to same effect.
Finally, I performed an experiment to determine the material properties of ma-
terials within the resonator. Material imperfections such as grain boundaries and
impurities can lead to nonlinear behavior. In particular, we were able to measure
one of the nonlinear piezoelectric coefficients of the piezoelectric layer within our res-
onators via the force applied to the silicon structure. The size of this force was smaller
than a thousandth of the force applied to the substrate via the linear effect. This
method can be used to measure the nonlinear behavior of materials within piezo-
electric resonators for real applications. Virtually any process in the fabrication of
MEMS devices can affect nonlinear behavior, so in situ measurement methods are
important in determining how processing affects nonlinearity.
7.2 Future work
There are many ways that the works presented in this thesis can be further explored.
For optical driving in particular, I have quite a few suggestions. The first is the at-
tempt sideband communication at larger distances, such as kilometer-scale distances,
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and at different wavelengths. This would move toward the ability to use these devices
in long-distance communication.
In order to improve the sensitivity and to reduce the amount of equipment neces-
sary for its usage, I also recommend building our resonators into self-oscillators. This
would remove the need for a separate signal generator. The resonance mode can be
selected using a band pass filter, but the exact resonance frequency would not need to
be measured. For signal detection, the signal can be demodulated using quadrature
detection. This would require the addition of a phase shifter followed by a signal
mixer and low pass filter to select the low-frequency modulation signal. This addi-
tional circuitry would improve the resonator’s ability to be used as an off-the-shelf
microphone. For further improvements, it would also be an excellent idea to test as
many resonator geometries and mode shapes as possible, since many of the effects
detected are mode-dependent.
The unexpected results during the solar radiation measurements in Chapter 4
also show the need for further study. The wavelength dependence of the prelimi-
nary data clearly showed multiple regimes in which different phenomena may occur.
Wavelength-dependent studies of the sideband signals will be necessary to further
characterize these regimes. By using single-frequency light sources of various wave-
lengths from UV to IR, it may be possible to identify the wavelength regimes in which
RP is dominant and in which heating is dominant. My hypothesis is that this will be
directly related to the wavelength dependence of the resonator’s surface reflectivity.
To improve the optical detection of these resonators, it may be useful to elec-
troplate the surface with nickel hydroxide-oxyhydroxide. It has recently been shown
that, under low-intensity illumination by white light, this material is able to produce
bending stresses as large as 65 MPa (Kwan et al., 2018)! Electroplating of the top
electrodes of the resonators with this material could significantly improve the signal
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sizes. Of course, the signal will no longer be a result of radiation pressure, but of ma-
terial bending stresses. This method could easily be adapted to be used as a method
for powerful, optically driven loudspeakers similar to current piezoelectric ones, or
light actuated microfluidic pumps, much like shape-memory alloys.
Appendix A
Proposed Fabrication Technique
Though I did not build these resonators, they can be fabricated using top-down
photolithography techniques. A proposed recipe is illustrated in Figures A·1 and
A·2. This recipe is intended only as a starting point for fabrication of piezoelectric
resonators, and, as it has not been tested, may contain incompatible processes or
missing details.
The simplest substrate to begin with for such devices is a silicon-on-insulator
(SOI) wafer, where the top layer of silicon is the desired structural thickness of the
resonator. Using thermal evaporation or sputter coating, the 200-nm molybdenum
(Mo) grounding electrode can be deposited.
Next, a thin (several nanometer thick) layer of titanium is deposited. This layer
is used for nucleation. The aluminum nitride can be deposited on the surface of
the titanium using reactive sputter coating of an aluminum (Al) target in an Ar/N2
atmosphere (Lobl et al., 1999). The nucleation layer ensures that the c-axis of the
AlN layer forms normal to the surface. To maximize the piezoelectric coefficient, at
least 500 nm of AlN should be deposited (Martin et al., 2004).
The next steps in the process will depend on available materials, as there are
several possible methods for defining the device geometries. For steep sidewalls on
the AlN layer, inductively-coupled plasma reactive ion etching (ICP-RIE) should work
well. In this case, nickel or some other hard masking material should be deposited .
This mask can then be patterned using standard photolithography techniques and an
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Figure A·1: First half of proposed resonator fabrication procedure.
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Figure A·2: Second half of proposed resonator fabrication procedure.
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appropriate metal etchant. Next, the AlN can be etched at a rate of several hundred
nanometers per minute using ICP-RIE with a BCl3/Cl2/Ar plasma chemistry and
flow rates 10/14/6 sccm (Khan et al., 2002). The molybdenum layer can then be
removed using molybdenum etchant.
Once the silicon structure has been etched, the top electrodes can be created.
These can be made using the hard mask that is already on the wafer, or the hard
mask can be stripped and a new metal layer can be deposited. If the hardmask is used,
the wafer should be spin-coated and exposed, and the electrodes should be etched.
Gold pads should be used to coat the contacts of the electrodes to prevent corrosion
and to simplify wire bonding. Next, the bottom of the wafer should be patterned
using photoresist, then etched with DRIE to produce through-holes to expose the
bottom sides of the devices.
The SiO2 layer can remain on the devices until they are ready to be used. This
will protect them from breaking during transport. When the devices are ready to be
used, they should be soaked in hydrofluoric acid (HF) for about 90 seconds to remove
the SiO2 layer.
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